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The Influence of the Pituitary on Phosphorus Metabolism of Brain 


By M. REISS, F. E. BADRICK anp JEAN H. HALKERSTON 
Biochemical and Endocrinological Research Department, Bristol Mental Hospitals, Fishponds, Bristol 


(Received 7 July 1948) 


A previous investigation (Reiss & Rees, 1947) dealt 
with the carbohydrate metabolism of rat brain under 
different endocrine conditions. The hexokinase acti- 
vity of grey matter was found to be increased after 
hypophysectomy, as was also the anaerobic glyco- 
lysis; the latter function was restored to normal 
by treatment of the animals with preparations of 
corticotrophic hormone. 

On account of the important part played by 
phosphate in carbohydrate metabolism, it was con- 
sidered of interest to follow these experiments with 
investigations of the phosphorus metabolism, and 
the present paper describes some investigations 
which have been made in this field by radioactive 
tracer methods. 

Previous observations of the uptake of radioactive 
phosphorus by brain after injection have been 
reported. Borell & Orstrém (1947) demonstrated by 
this means that the phosphate turnover in the 
pineal body is considerably higher than for any 
other part of the brain. Similar experiments, 
carried out in animals of different ages, were 
recorded by Friess & Chaikoff (1941) and by 
Schachner, Friess & Chaikoff (1942), who also 
examined the distribution of absorbed phosphorus 
of fractions of different solubility, especially the 
lipid fraction. 

The experiments described in this communication 
were designed mainly to reveal differences in be- 
haviour between the brains of normal and hypo- 
physectomized animals. 


METHODS 


Measurements. Measurements of radioactivity on dry 
samples were made with G.M.4 Geiger counter tubes 
(General Electric Co. Ltd.). All samples were placed in the 
lead castle at the same distance from the counter. Liquid 
samples were dealt with by the use of the Alltools M.R.C. 1 
liquid counter. 

Animals. Rats (both hooded and Wistar types) were 
used throughout the investigations, and were killed by 
decapitation. Generally pairs of rats, as nearly as possible 
equal in weight, were used, one serving as control to the 
treated animal. Where bigger groups of animals were used, 
one third to one half of the total number were controls. 
Hypophysectomy was performed by the paratracheal route, 
and rats were used at varying intervals after operation. 
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Preparation of material for measurements. Small amounts 
of tissue were best dealt with by mounting on filter papers 
of 2-5 cm. diam. which had been previously weighed on a 
torsion balance. After spreading the tissue on the paper, 
the combined weight was read and the material dried in an 
oven at 100°. Very thin layers were thereby obtained, and 
the weights of samples thus used could be as low as 1-0- 
2-5 mg. for a whole pineal. For other organs, such as brain, 
liver, or spleen, the weights were within the range of 20- 
60 mg. Blood (20-40 mg.) was soaked into the paper, and, 
after first drying in air, was dried in the oven as before. 
When ready the papers were laid flat on a sample tray in the 
lead castle containing the G.M. 4 counter. Repeat counts 
for the same sample varied by 1-5%. In some experiments 
the f-radiation of the brain surface only was measured. The 
brain (without olfactory lobes) of the decapitated animal 
was prepared, and, after removal of traces of blood, was 
placed on a microscope slide in the centre of the lead castle. 
The counts/min. for upper and lower surface are combined 
in the tables. For liquid counts the whole brain (excluding 
olfactory lobes) was first homogenized in the presence of a 
few ml. 25% trichloroacetic acid with an Elvehjem homo- 
genizer (Potter & Elvehjem, 1936). After centrifuging, the 
supernatant fluid was made up to 10 ml. with water, and 
the solution was thoroughly mixed and immediately poured 
into the liquid counter for measurement. Lipid material 
was then extracted from the precipitate by suspending in 
Bloor’s mixture. The mixture was placed in a hot water 
bath until the solvent was brought to the boil, then cooled, 
the volume made up to 50 ml. with fresh Bloor’s solvent, 
and the mixture centrifuged. Samples of 10 ml. were taken 
for measurements. 

The residue finally remaining from the acid and lipid 
extractions was ashed by heating in a hard glass tube over 
a microburner with 2 ml. 60% HCl0,, until the charred 
material had clarified and the mixture become homo- 
geneous. After cooling, this was made up to 10 ml. with 
water and transferred to the liquid counter. 


RESULTS 


Representative results of a series of twenty one 
experiments in which the animals were sacrificed 
40 min. after intravenous injection with **P, and 
the 2P uptake by the various organs measured, are 
indicated in Table 1. It will be seen that the 
phosphorus uptake of grey matter in the normal 
animal is very low, being only about one eighth of 
that of the liver. The rate of uptake by the pineal is 
considerably higher than for other organs investi- 
gated; the pineal accumulates (per 100 mg. fresh 
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Table 1. Comparison between *®P uptake of normal and hypophysectomized animals 
and hypophysectomized animals injected with corticotrophic hormone 


(Intravenous injection of 2 uc. **P 40 min. before dissection.) 


Counts/min./100 mg. tissue 


—_—_—_—_—————————S——SS—————————————— 


Normal animals 


35, 48, 60 

118, 93, 88 

381, 333, 280, 216 
228, 196 

64, 78 

109, 145 

89, 94, 82 

21, 51, 23, 28, 42 


Organ 
Brain, grey matter 
Olfactory lobe 
Pineal 
Liver 
Adrenal 
Thymus 
Testis 
Blood 


Table 2. 


Hypophysectomized 
animals injected with 
corticotrophic hormone 
1 hr. before **P 


34, 72 
49, 53 
293, 272 
296, 280 
92, 96 
90, 63 
66, 55, 48 
18, 12, 16 


Hypophysectomized 
animals 


123, 162, 140 

33, 64, 76 

1028, 532, 644, 728 
259, 320 

85, 96 

50, 76 

49, 56, 62 

24, 42, 17, 38, 48 


Comparison between ™1I uptake of normal and hypophysectomized animals 


(Intravenous injection of 2 uc. 141 1 hr. before dissection.) 


Counts/min./100 mg. tissue 
“~ 





Organ 


Brain, grey matter 
Olfactory lobe 
Pineal 

Liver 

Adrenal 

Thymus 

Testis 

Thyroid 

Blood 


328, 382, 422 


344, 343, 480 
342, 556, 193, 664 


tissue) about ten times as much phosphorus as 
brain, six times as much as the adrenal and 50% 
more than the liver. 

Hypophysectomy appears to bring about. a general 
increase in the absorption. In different experiments 
the increase in the case of brain amounted to 
50-500 %. The pineal shows an increase in uptake of 
70-900%, while the liver showed increases of 
0-100 %. 

The effect of corticotrophic hormone is clearly 
demonstrated. Administration to the hypophy- 
sectomized animal of about 3 sudanophobic units 
1 hr. before injection of *?P reduced the phosphorus 
uptake of the brain and of the pineal to a normal 
level. 

That the high activity of the pineal is not 
restricted to phosphorus only is shown in Table 2, 
which gives the results of parallel experiments 
carried out with I (the only other radioactive 
indicator available at these laboratories). After 
intravenous injection, more #*1I is taken up by the 
pineal than by any other tissue with the exception 
of the thyroid. The iodine uptake by the pineal 
after hypophysectomy is increased in the same 


Normal animals 
129, 172, 145, 110, 160 
185, 275, 298, 242, 152 
480, 606, 820, 704, 634 


264, 325, 364, 411, 321 


4850, 6148, 7261, 5224, 5368 
892, 680, 630, 721, 866 


Hypophysectomized animals 


138, 123, 170, 165, 142 

236, 270, 210, 190, 196 

946, 1260, 1285, 1122, 1420 
349, 304, 318 

450, 443, 360, 520, 288 

483, 354, 512 

336, 321, 282, 312 

620, 678, 1500, 996, 352, 826 
531, 842, 1240, 1260, 482, 636 


manner as the phosphorus uptake, but no corre- 
sponding behaviour was shown by brain. 

Table 3 illustrates experiments where radiation of 
the brain surface was measured at different intervals 
after injection of various doses of **P. There is, 
without exception, a considerable increase in 
phosphorus uptake ranging between 53 and 588 %, 
and this increase is borne out by the results of 
measurements on the trichloroacetic acid extract 
of the whole brain. At the same time, the content of 
82P in the lipid phosphorus fraction showed little 
change when measured 1 hr. after injection of the 
phosphorus. There was, however, a considerable 
increase, compared with normal control animals, 
17-5 hr. after injection. 


DISCUSSION 


The increase of phosphorus uptake of the brain after 
hypophysectomy should be considered in combina- 
tion with the previous finding of Reiss & Rees 
(1947) that hypophysectomy results in increased 
hexokinase activity and anaerobic glycolysis. 

The increased activity of the brain with regard to 
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Percentage increase in 


(counts/min.) 


Hypophysectomized animals 


Normal animals 
(counts/min.) 


— 





Time 
interval 


10 ml. 
trichloro- 


acetic acid 


trichloro- 


between 
injection and 


Bloor Trichloro- 
extract of acetic acid 
surface 


total brain 


acetic acid 
extract of 
total brain 


Bloor 
surface 


extract of 
total brain 


extract of 
total brain 


surface 


dissection 
(hr.) 
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phosphorus may possibly be due to increased carbo- 
hydrate utilization, and this supposition would 
appear to be justified by the large increase of 
phosphorus in the acid-soluble fraction, which con- 
tains the various carbohydrate phosphoric esters. 
These observations are interesting in the light of 
certain long-established therapeutic applications 
of phosphates: the administration of sodium di- 
hydrogen phosphate or phosphorus-containing 
syrups in cases of fatigue may be justified on the 
basis that freshly administered inorganic phosphate 
can be rapidly mobilized for phosphorylation pro- 
cesses in the brain, thus providing a stimulus to 
carbohydrate metabolism. 

In this connexion there may be some grounds for 
the belief that a more sensitive B-counter could 
furnish information of diagnostic importance, by 
revealing something of the state of carbohydrate 
metabolism in the human brain, through observa- 
tions of rates of radioactive phosphorus uptake. It 
would be wise, however, to suspend judgement on 
this point, until much more work of a fundamental 
character is accomplished. 

The finding of Borell & Orstrém (1947) that the 
pineal has the largest phosphorus uptake/100 mg. is 
confirmed. It may be doubted, however, whether 
their deduction that the pineal plays an important 
role in phosphorus metabolism is justified, in view 
of the equally high activity of this gland with 
regard to 151[, demonstrated in the present research. 
No explanation can at this stage be offered for this 
behaviour, but it may be permissible to offer the 
suggestion that the pituitary gland can exert some 
inhibitory function, controlling the activities of the 
pineal. 


SUMMARY 


1. Previous observations by other workers on 
the uptake of radioactive phosphorus by the brain 
after injection into normal rats are confirmed ; com- 
parative measurements on other organs have been 
made. 

2. The effect of hypophysectomy is to bring 
about a general increase in the absorption of 
phosphorus, particularly by the brain and the 
pineal. 

3. Administration of corticotrophic hormone to 
the hypophysectomized animals, before injection 
of phosphorus, restores the absorption to a normal 
level. 

4. It is suggested that the increased rate of **P 
uptake of the brain in the hypophysectomized 
animals is connected with increased carbohydrate 
utilization. 


The authors wish to acknowledge their indebtedness to 
the Medical Research Council for supplies of radioactive 
material. 
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Studies on Cholinesterase 


6. THE SELECTIVE INHIBITION OF TRUE CHOLINESTERASE IN VIVO 


By ROSEMARY D. HAWKINS anp B. MENDEL 
Banting and Best Department of Medical Research, Banting Institute, 
University of Toronto, Toronto, Canada 


(Received 27 September 1948) 


When the distinction was made between two types 
of cholinesterase (ChE) in the animal body, these 
enzymes were called true cholinesterase and pseudo- 
cholinesterase (Mendel & Rudney, 1943a). The name 
pseudo-cholinesterase was chosen because it was 
deemed unlikely that this enzyme could deal 
effectively with acetylcholine in vivo in view of its 
relative inactivity towards low concentrations of 
that substrate. To determine the validity of this 
assumption Hawkins & Gunter (1946) employed 
a selective inhibitor of pseudo-cholinesterase, the 
prostigmine analogue Nu-683. In vivo experiments 
with this compound showed that a prolonged and 
almost complete inhibition of pseudo-cholinesterase 
in plasma and tissues does not evoke any reaction 
indicative of the accumulation of acetylcholine. 
Thus it appeared that in conditions in which the 
activity of true cholinesterase is relatively unim- 
paired pseudo-cholinesterase plays no essential 
role in the removal of acetylcholine in vivo. 

The possibility remained, however, as_ these 
workers pointed out, that an auxiliary role might 
be assumed by pseudo-cholinesterase, namely, that 
of serving as a substitute for true cholinesterase 
whenever the activity of the latter enzyme is 
impaired. Proof of this hypothesis has hitherto not 
been put forward. It has awaited the finding of a 
compound which not only possesses the property of 
acting as a selective inhibitor of true cholinesterase, 
but which can also be administered in vivo without 
eliciting any effects other than those attributable to 
its cholinesterase-inhibiting action. 

Selective inhibitors of true cholinesterase have 
been described previously. Zeller & Bissegger (1943) 


have shown that high concentrations of caffeine 
inhibit the cholinesterases of erythrocytes ‘and 
brain, two examples of true cholinesterase (Mendel 
& Rudney, 1943a, b), without significantly affect- 
ing the cholinesterase activity of human plasma 
which contains mainly pseudo-cholinesterase 
(Mendel, Mundell & Rudney, 1943). Recently, 
Adams & Thompson (1948) have demonstrated 
that certain ‘nitrogen mustards’, particularly di- 
(2-chloroethyl) methylamine (DDM), act as selec- 
tive inhibitors of true cholinesterase. 

The present communication deals with a cholin- 
esterase inhibitor which, apart from possessing @ 
selective inhibitory action on true cholinesterase, 
produces no effects in vivo that could not be 
attributed to the accumulation of acetylcholine. 
This compound, a prostigmine analogue, the 
N-p-chlorophenyl-N-methylearbamate of m-hy- 
droxyphenyltrimethylammonium bromide (Nu- 
1250; Aeschlimann & Stempel, 1946), has the 
following formula: CH, 


O'\ at 
Ont. 


Br- (CH,),N*” 


The aforementioned properties of Nu-1250 sug- 
gested its use as a tool in determining whether 
pseudo-cholinesterase can assume an auxiliary 
role in the hydrolysis of acetylcholine when the 
activity of true cholinesterase is impaired. The 
results of experiments dealing with this question 
are reported here. 





SELECTIVE INHIBITION OF TRUE CHOLINESTERASE 


METHODS 


Substrates 


Acetylcholine chloride (Ach), Hoffmann-La Roche, 
Basel, Switzerland. Benzoylcholine chloride (Bch), kindly 
supplied by Hoffmann-La Roche, Inc., Nutley, N.J. 
Acetyl-B-methylcholine chloride (Mch), Merck’s Mecholyl. 

In all cases, the final concentration of substrate in the 
reaction mixture was sufficient to afford complete satura- 
tion of the enzyme, viz. 0-0012m-Ach for true cholin- 
esterase, 0-06mM-Ach for pseudo-cholinesterase, 0-03m-Mch 
and 0-006m-Bch for the same two enzymes respectively 
(Mendel et al. 1943). 


Estimation of enzyme activity 


The activity of the cholinesterases was measured mano- 
metrically by Warburg’s method at 37-5° in a medium con- 
taining 0-025m-NaHCO, saturated with 5% CO, in N, 
(pH 7-4). Blank determinations were run for each sub- 
strate to estimate the extent of non-enzymic hydrolysis. 

The enzyme preparation was placed in the main com- 
partment of the Warburg vessel, the substrate in the side 
arm, and the inhibitor (0-1 ml.) was added to the enzyme- 
bicarbonate mixture in the main compartment. The total 
fluid volume was 5 ml. A 15 min. period was allowed for 
the attainment of thermal equilibrium, following which the 
substrate was tipped in from the side arm. Readings were 
started 5 min. later, and were repeated at appropriate 
intervals for the next 20 min., or, in cases where low sub- 
strate concentrations were used, until the rate of the re- 
action began to fall. 


Source of enzyme 


Plasma. Freshly drawn, oxalated blood was used. The 
cells were separated from the plasma by centrifugation. 
The volume of plasma used (0-1—-1-0 ml.) depended on the 
activity, which varied from one species to another. Follow- 
ing the injection of the inhibitor into experimental animals, 
the activities of the cholinesterases were measured in un- 
diluted plasma to prevent the inhibitor-enzyme complex 
from dissociating upon dilution. This procedure necessitated 
correction for the retention of CO, (Warburg, 1925). 

Erythrocytes. After removal of the plasma, the cells were 
washed three times with 0-9% NaCl, and haemolysis was 
then brought about by the addition of three times their 
volume of distilled water. 0-2 ml. of the haemolysate was 
used in the estimation of enzyme activity. 

Fractionated rat plasma. The plasma of six male rats was 
brought to 0-5 saturation with (NH,).SO,. After 30 min. 
the mixture was centrifuged and the supernatant fluid (S) 
decanted. The precipitate was then washed with 0-4 
saturated (NH,),SO, for 20 min., centrifuged, and the re- 
maining precipitate (P) suspended in a small volume of 
water. Both S and P were dialyzed against tap water for 
18 hr. Using Mch and Bch as substrates, it was found that 
fraction S contained pseudo-cholinesterase but no true 
cholinesterase, whilst fraction P contained the true cholin- 
esterase, but only a trace of pseudo-cholinesterase. 

Dog brain. The brain was removed as soon as possible 
after death, and a suspension of the nucleus caudatus was 
prepared by grinding the tissue in three times its weight of 
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distilled water. The suspension (0-1 ml.) was used in the 
determination of enzymic activity. 

Dog pancreas. The gland was obtained from the same 
animal from which the brain had been taken. The larger 
blood vessels and fibrous tissue were removed, and a sus- 
pension was prepared by grinding the pancreas with nine 
times its weight of distilled water in a Waring Blendor and 
subsequently straining it through a fine sieve. The sus- 
pension (0-1 ml.) was used in the experiments reported. 


Inhibitor 


A stock solution of Nu-1250 (10-*m) in distilled water was 
prepared every second day. Subsequent dilutions were 
made from this solution as required. In contrast to the 
experiences with diisopropyl fluorophosphonate (DFP) and 
DDM, no significant change in potency was evident within 
a 36 hr. period. (Mol.wt. of Nu-1250=3904-> . 


299.4) 


RESULTS 
(A) In vitro experiments 


The following preliminary experiments were per- 
formed to assess the suitability of Nu-1250 as a 
tool for testing whether pseudo-cholinesterase can 
play an auxiliary role in the hydrolysis of acetyl- 
choline in vivo: 


(1) In order to find a suitable animal for the proposed in 
vivo experiments, the margin between the sensitivities of 
true cholinesterase and pseudo-cholinesterase in various 
species towards Nu-1250 was determined. 

(2) Since acetyl-8-methylcholine and _benzoylcholine 
were to be used as substitutes for acetylcholine in esti- 
mating the activities of the two cholinesterases separately 
(Mendel et al. 1943), it was necessary to ascertain whether 
the inhibitions by Nu-1250 of the hydrolysis of these sub- 
strates and of acetylcholine are identical. 


The results of these investigations appear below. 

(1) The inhibition by Nu-1250 of the cholin- 
esterases in the plasma and tissues of various species 
is summarized in Table 1, the values obtained with 
each concentration of the inhibitor representing the 
average of several determinations. It can be seen 
that Nu-1250 acts as a selective inhibitor of true 
cholinesterase. However, the margin between the 
sensitivities of the true cholinesterase and pseudo- 
cholinesterase in the plasma and tissues varies from 
species to species. In the case of human subjects 
(section A) the activity of true cholinesterase (ery- 
throcytes) is at least a thousand times more sensitive 
to the inhibitory action of Nu-1250 than is the 
pseudo-cholinesterase (plasma); with the tissues of 
the dog this margin drops to about twenty times, 
whilst in the case of the true cholinesterase and 
pseudo-cholinesterase of horse blood, a margin of 
approximately five times is obtained. The rat 
seemed ideal for in vivo experiments because the 
true cholinesterase in the plasma of this animal is 
at least a thousand times more sensitive to Nu-1250 
than is the pseudo-cholinesterase. 
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Table 1. Percentage inhibition by Nu-1250 of the cholinesterases 
in the plasma and tissues of various species* 


Substrate 


Concentration 


Section 
A Human erythrocytes 


Nature (Mm) 
Ach 0-0012 
Mch 0-03 


Ach 0-06 


Ach 0-0012 
Ach 0-06 


Ach 0-0012 


Enzyme source 


Human plasma 


Horse erythrocytes 

Horse plasma 

Dog brain (nucleus 
caudatus) 

Beh 


Mch 
Bch 


0-006 
0-03 
0-006 


Dog pancreas 
Dog plasma 


Fractionated rat plasma* 
Precipitate (P) Mch 
Ach 
Beh 
Ach 


0-03 
0-0012 
0-006 
0-06 


Supernatant fluid (S) 


Concentration of Nu-1250 (m) 


10-* 10° 10°. 10-" 6x10 1¢* 5x10? 


ot ee RR a ee ae 
eae ee ae 


58 29 16 _ — 0 —_ 


100 97 93 58 _— 
100 97 70 66 _— 


100 95 92 86 


88 83 53 14 


_ —_ 93 87 
— —_ 54 32 


100 ~=100 91 


— silt 6 4 31 24% 6 
ot cee I ee 


* See Methods section for details of procedure and explanation of abbreviations used. 
7 Nu-1250 concentration used here was 3 x 10-5m. 


(2) Experiments with human erythrocytes, horse 
erythrocytes and the precipitate (P) from fraction- 


ated rat plasma (sections A, B and D of Table 1) 
showed that when acetyl-8-methylcholine was 
employed as substrate the inhibition of the activity 
towards that compound effected by Nu-1250 
mirrored the inhibition displayed when the 
natural substrate acetylcholine was used. Hence, 
it was deemed valid to consider the inhibition of 
the activity towards acetyl-8-methylcholine as a 
reflexion of the inhibition of the acetylcholine 
hydrolysis brought about by true cholinesterase. 
Similar results with the supernatant fluid (S) from 
fractionated rat plasma (section D, Table 1), which 
had been shown to contain pseudo-cholinesterase 
only, justified substituting the inhibition of the 
activity towards benzoylcholine for the inhibition 
of the acetylcholine hydrolysis brought about by 
pseudo-cholinesterase. 


(B) In vivo experiments 


Since the true cholinesterase in the plasma of 
rats was found to be about a thousand times more 
sensitive to the inhibitory action of Nu-1250 than 
the pseudo-cholinesterase (see Table 1, section D), 
the rat seemed most suitable for the in vivo experi- 
ments. The only difficulty appeared to be that a 
comparatively large volume of blood (2-5 ml.) had 
to be obtained before the injection of the inhibitor 
in order to determine the normal levels of the cholin- 
esterases in the plasma. However, Sawyer & 


Everett (1946) have shown that in adult male rats 
both cholinesterases remain fairly constant over 
long periods of time, and preliminary experiments 
in the present series revealed that after the removal 
of 2-5 ml. of blood from rats weighing about 300 g. 
an interval of 2 weeks sufficed for the regeneration 
of both enzymes to previous levels. Therefore, adult 
male rats, weighing at least 300 g. were used in the 
following experiments: 


Blood (2-5 ml.) was removed by heart puncture under 
light ether anaesthesia. The activities of the cholinesterases 
in the plasma obtained from this sample served as controls 
against which the magnitude of the inhibition of these 
enzymes was gauged, when an effective dose of Nu-1250 
was injected 2 weeks later. The effectiveness of the dose was 
determined by the appearance of well defined symptoms 
indicative of acetylcholine accumulation, viz. chewing 
movements, yawning, and extensive and violent fibrillary 
twitching of the voluntary muscles. Upon their appearance 
the rats were killed by exsanguination through the carotid 
artery, and the blood was collected in a beaker containing 
sodium oxalate (c. 20 mg.). The susceptibility of the com- 
plex between the cholinesterases and Nu-1250 to dissocia- 
tion upon dilution necessitated the measurement of en- 
zymic activity in the undiluted plasma of these animals. 


Table 2 gives the cholinesterase levels in the 
plasma of six rats which displayed well defined 
symptoms of acetylcholine accumulation following 
the intraperitoneal injection of Nu-1250. It will 
be seen that the true cholinesterase is inhibited 
75-89%, whereas the activity of the pseudo- 
cholinesterase is but insignificantly affected. Thus, 
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Table 2. Inhibition of the cholinesterases in the plasma of rats injected with Nu-1250 


(Activities are expressed as yl. CO, evolved in 20 min. by 1 ml. plasma with Mch and Bch as substrates for true ChE 


and pseudo-ChE, respectively.) 


True cholinesterase 


cx - ON} 


Activity Activity 
Wt. Nu-1250 before after 

Rat Wt. injected injection injection 

no. (g.) (mg.) (ul. CO.) (ul. CO,) 
1 330 0-066 52-5 13-2 
2 335 0-066 44-0 6-0 
3 350 0-070 45-0 7-2 
4 300 0-080 44-3 4:8 
5 360 0-158 43-0 5-2 
6 395 0-170 44-5 6-0 


Pseudo-cholinesterase 
cs SO 


Activity Activity 
before after 
Inhibition injection injection* Inhibition 
(%) (pl. CO,) (pl. CO.) (%) 
750 49-2 48-0 2-5 
86-0 36-0 32-0 11-0 
84-0 29-0 27-3 6-0 
89-0 34-6 30-4 12-0 
87-5 35-0 31-2 10-0 
86-5 44-3 37°3 15-0 


* Corrected for CO, retention. 


in spite of its virtually undiminished activity, 
pseudo-cholinesterase is unable to prevent the 
effects of acetylcholine accumulation when the 
true cholinesterase is inhibited. 

To exclude the possibility that the reaction of 
the experimental animals was due to an effect of 
Nu-1250 not related to acetylcholine accumulation, 
(+)-tubocurarine, which blocks the response of 
skeletal muscles to acetylcholine, was administered 
to a series of rats when the fibrillary twitching was 
at its height. The intraperitoneal injection of 
(+ )-tubocurarine (1-25 mg./kg.) arrested the fibril- 
lation almost immediately, thus proving that the 
symptoms elicited by Nu-1250 were due to the 
accumulation of acetylcholine. 


DISCUSSION 


As Adams & Thompson (1948) have pointed out, 
cholinesterase inhibitors may be divided into three 
main groups: (1) compounds which inhibit pseudo- 
and true cholinesterase to the same extent ; (2) com- 
pounds which act selectively on pseudo-cholin- 
esterase; and (3) selective inhibitors of true cholin- 
esterase. Group (1) includes eserine and prostig- 
mine (Hawkins & Mendel, 1946); group (2) includes 
pyrazolone derivatives (Zeller, 1942), percaine 
(Zeller & Bissegger, 1943), tri-o-cresylphosphate 
(Mendel & Rudney, 1944), certain unauthenticated 
curare preparations (Harris & Harris, 1944), the 
prostigmine analogue Nu-683 (Hawkins & Gunter, 
1946), diisopropyl fluorophosphonate (Hawkins & 
Mendel, 1947), and N-diethylaminoethylpheno- 
thiazine (2987 R.P.) (Gordon, 1948); group (3) 
includes caffeine’ (Zeller & Bissegger, 1943), certain 
‘nitrogen mustards’, especially di-(2-chloroethyl)- 
methylamine (DDM) (Adams & Thompson, 1948) 
and the prostigmine analogue Nu-1250. 

By selectively inhibiting pseudo-cholinesterase in 


vivo Hawkins & Gunter (1946) demonstrated that 
this enzyme plays no essential role in the hydrolysis 
of acetylcholine in the animal body. Whether an 
auxiliary role might be assumed by pseudo-cholin- 
esterase in cases where the activity of true cholin- 
esterase is impaired could not be determined by 
these authors, because no suitable selective inhibitor 
of true cholinesterase was available at that time. 
The results outlined in the present paper, however, 
permit the conclusion that pseudo-cholinesterase is 
incapable of playing even an auxiliary role in pre- 
venting the accumulation of acetylcholine in vivo. 
Consequently, the appearance of symptoms indi- 
cative of acetylcholine poisoning following the 
administration of a cholinesterase inhibitor from 
any one of the aforementioned groups must be 
directly related to the action of the inhibitor on 
true cholinesterase. Moreover, an inhibition of 
approximately 75% of the activity of true cholin- 
esterase must be exceeded before the onset of 
symptoms of acetylcholine accumulation can be 
expected, since the experiments of Gunter & Mendel 
(1945), Hawkins & Gunter (1946) and Hawkins & 
Mendel (1947) have shown that a surplus of true 
cholinesterase exists in the animal body. It would 
seem therefore that if attempts are made to correlate 
the pharmacological effects of a compound with its 
ability to act as a cholinesterase inhibitor, they will 
be of no avail, unless the cholinesterase inhibitory 
potency expresses the degree of inhibition of the 
true cholinesterase. 


SUMMARY 


1. The prostigmine analogue, N-p-chlorophenyl- 
N-methylearbamate of m-hydroxyphenyltrimethy1- 
ammonium bromide (Hoffmann-La Roche Nu- 
1250), was found to be a selective inhibitor of true 
cholinesterase. 
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2. Inhibition of true cholinesterase in rats brought 
about by the injection of Nu-1250 elicits symptoms 
indicative of acetylcholine accumulation, in spite 
of the undiminished activity of pseudo-cholin- 
esterase. Thus, pseudo-cholinesterase is not essential 
to the hydrolysis of acetylcholine in vivo, as pre- 
vious experiments have shown, nor is it capable 
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of assuming even an auxiliary role in this process 
when the activity of the true cholinesterase is 
impaired. 


We are indebted to Dr J. A. Aeschlimann and Hoffmann- 
La Roche Inc., Nutley, N.J. for making available to us the 
Nu-1250 used in these experiments. 
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The Absorption of Vitamin A in Ruminants and Rats 


By E. EDEN anp K. C. SELLERS 
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and the Veterinary Investigation Centre, Institute of Animal Pathology, Cambridge 


(Received 20 August 1948) 


Drummond, Bell & Palmer (1935) and McCoord, 
Breese & Baum (1943) demonstrated an increased 
concentration of vitamin A in the lymph collected 
from the thoracic duct, after oral administration of 
the vitamin. Popper & Volk (1944) observed a 
fluorescence typical of vitamin A in the lacteals of 
the rat following dosage. Radice & Herraiz (1947) 
confirmed the results of Popper and claimed that 
they had observed a similar fluorescence in portal 
blood. These findings suggested that vitamin A 
may be absorbed by two different routes, as has 
been described for fats by Frazer (1946). 

In the present study, both the portal blood and 
the lymph were examined as possible pathways of 
absorption, in order to ascertain the relative im- 
portance of the two routes. The experiments were 
performed on three species, oxen, sheep and rats, 
by dosing them with vitamin A and estimating the 
vitamin in systemic and portal blood, and in lymph 


glands from various regions of the body. The 
samples were collected as soon as possible after 
slaughter of the animals. 


EXPERIMENTAL 
Treatment of animals 


The animals were given vitamin A (5000 i.u./kg. body wt.) 
in the form of halibut liver oil, by mouth. Doses were pre- 
pared for bullocks and sheep by emulsifying the halibut 
liver oil with reconstituted separated milk by means of a 
Waring Blendor. Rats, fasted for 12 hr., were dosed from a 
precision pipette with undiluted oil. 

Bullocks. Fourteen Ayrshire and two Friesian bullocks 
weighing 150-250 kg. each were dosed at different times, 
ranging from 2 to 24 hr., before slaughter. The total bulk 
of the dose was 750 ml. Before dosing, samples of jugular 
blood were taken into oxalate, and after dosing, samples of 
jugular and portal blood were collected, usually within 
2 and not exceeding 5 min. after slaughter. All blood 
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samples were oxalated to prevent clotting by mixing the 
blood at collection with a 10% oxalate solution to give a 
final dilution of 0-1%. Lymph glands from various in- 
testinal regions and other parts of the body were removed, 
sliced and allowed to drain; vitamin A estimations were 
performed within 24 hr. on the lymph thus obtained. 

Sheep. Nineteen adult sheep, weighing 60-90 kg. each, 
were used; the dose of halibut liver oil was made up in a 
bulk of 400 ml. and given 4~7 hr. before slaughter. The 
procedure closely followed that for the bullocks, but no 
attempt was made to separate the mesenteric lymph glands 
according to their connexions with the various parts of the 
intestine. 

Rats. It was difficult to obtain from single rats enough 
material for accurate estimations, and therefore the experi- 
ments were performed by pooling the material from five 
rats. Albino and piebald rats weighing 200-250 g. each 
were used and a group was killed at times varying from 
1 to 8 hr. after dosing. Systemic and portal blood (0-5 ml.) 
was collected from each rat and the five samples pooled. It 
was impossible to collect the fluid from the lymph glands, 
and hence vitamin A estimations were performed on the 
whole of the mesenteric lymph tissue. 


Chemical methods 


Methods of extraction. Plasma and lymph were treated 
according to the method of Yudkin (1941) which consists in 
precipitating the proteins with ethanol and extracting the 
vitamin with light petroleum. For estimations 2 ml. of 
plasma or lymph were generally taken, although it was not 
always possible to obtain this amount from the lymph 
glands of the body. The method described by Glover, 
Goodwin & Morton (1947) for liver tissue was used for 
lymph tissues. They were ground with sand, dehydrated 
with anhydrous Na,SO, and extracted with hot ether. 

Estimations of carotene and vitamin A. Colour intensities 
were measured in a single photocell absorptiometer, similar 
to that described by Evelyn (1939). Small Ogal cells 
(Tintometer Ltd.) of 1 cm. depth and 1-7 ml. capacity were 
used for the solutions. Carotene, when present, was esti- 
mated by measuring the yellow colour of the light petroleum 
extracts of the samples, using Wratten filter no. 47. 
Crystalline B-carotene was used for calibration. The 
method of estimating vitamin A was similar to that de- 
scribed by Eden (1948), except for the following modifica- 
tions. After adjusting the galvanometer to full-scale de- 
flexion with chloroform as the blank, the cell containing 
0-1 ml. of the extract was reinserted into the absorptio- 
meter. As the colour of the SbCl, reaction mixture fades 
rapidly, it was necessary to obtain a quick reading. Hence 
0-4 ml. of SbCl, reagent was blown into the cell so as to 
ensure rapid mixing and the reading was taken within 
10sec. A concentrate of vitamin A ester (Distillation 
Products, Inc.) containing 700,000 U.S.P. units/g. was used 
for the standard reference curve. One U.S.P. unit was re- 
garded as equivalent to one i.u. 

Correction for carotenoids. In the estimation of vitamin A 
in bullocks’ plasma, which contains sufficient carotenoids 
to interfere with the Carr-Price SbCl, colour reaction, a 
correction was made by deducting one quarter of the caro- 
tene values expressed as i.u. from the original total vitamin 
A figures. Other materials examined contained only traces 
of carotenoids, and hence no correction was applied. 
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RESULTS 


The results for bullocks, sheep and rats are presented 
in Tables 1, 2 and 3 respectively. 

Blood. After dosing, the vitamin A concentration 
of both the systemic and portal blood rose in all 
three species approximately 80% above the levels 
before dosing. In general, the vitamin A values of 
systemic blood were higher than those of portal 
blood. The actual figures for portal and systemic 
blood after dosing were 147.and 162 for bullocks, 
187 and 220 for sheep and 224 and 234 i.u./100 ml. 
for rats, respectively. 

Lymph. The vitamin A content of the lymph 
draining the small-intestine of the dosed animals 
was on the average about ten times that of the 
undosed animals. There was a rise from 225 to 
1500 i.u./100 ml. in bullocks, from 100 to 4830 
iu./100 ml. in sheep and from 0-4 to 3-2 i.u./rat. 
On the other hand, the differences between the 
body lymph of dosed and undosed animals were 
within the experimental error of the method, which 
was greatly increased by the small amounts 
available for estimations. 

An attempt was made to find out which part of 
the intestine was mainly responsible for the absorp- 
tion of the vitamin A, by analyzing lymph from 
various parts of the gut. It was found that with 
one exception lymph obtained from the glands 
draining the duodenum had a higher vitamin A 
content than the lymph from jejunum or ileum 
(Table 1). On the other hand, the lymph draining 
the large intestine showed no rise above that of the 
body lymph (169 and 175 i.u. of vitamin A/100 ml. 
respectively) indicating that no marked absorption 
of the vitamin had occurred from this region of the 
gut; similarly, no absorption could be observed 
from the stomach. 


DISCUSSION 


Our experiments have shown that in ruminants and 
rats vitamin A is absorbed through the intestinal 
lymph. This agrees with results obtained on other 
animals by Drummond e¢ al. (1935), McCoord et al. 
(1943), Popper & Volk (1944) and Radice & 
Herraiz (1947). 

From our experiments it seems that most of the 
absorption occurred from the upper part of the 
intestine (Table 1). Popper & Volk (1944) also 
contend that the upper two thirds of the intestine 
is the most effective region of absorption. 

We have been unable to confirm the work of 
Radice & Herraiz (1947) on portal absorption. After 
dosing, the average figures in our experiments for 
portal blood showed no marked difference from 
those for systemic samples. It is possible that the 
period of absorption through the portal blood may 
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Table 1. Concentration of vitamin A in plasma and lymph of bullocks after administration 
of 5000 t.u./kg. of body weight 


Vitamin A (i.u./100 ml.) 


Time Plasma Lymph (at slaughter) 
killed oa"! 
(hr.) At slaughter Intestinal 
Animal after Before ———*} Non- — 1 
no. dose dosing Systemic Portal intestinal Duodenum Jejunum Tleum 
Dosed animals 
1 2 64 146 143 67 1130 305 — 
2 5 84 212 225 245 1250 2870 1430 
3 8 91 204 209 115 2900 1600 405 
4 12 81 145 140 237 2030 1330 300 
5 12 59 100 101 — 581 305 150 
6 16 69 139 79 144 1480 658 215 
7 16 85 166 100 95 1270 1020 170 
8 24 66 145 115 _— 2550 1660 _— 
9 24 57 170 176 132 202 192 —_— 
10 24 61 189 183 185 1680 560 363 
Average 72 162 147 175 1500 1030 460 
Undosed animals 
11 0 65 65 72 146 178 178 146 
12 0 108 100 109 114 320 190 115 
Average 87 83 90 130 225 185 130 


Table 2. Concentration of vitamin A in plasma and lymph of sheep after administration 
of 5000 t.u./kg. of body weight 


Vitamin A (i.u./100 ml.) 











c = 
Time Plasma 
killed i : Lymph (at slaughter) 
(hr.) At slaughter -— SS SF 
Animal after Before (a Non- 
no. dose dosing Systemic Portal intestinal Intestinal 
Dosed animals 
4 138 344 170 104 1,020 
2 4 112 410 355 75 9,640 
3 4 103 328 156 21 4,140 
4 + 138 159 188 15 8,880 
5 4 172 182 175 _- 14,000 
6 4 170 143 120 — 2,800 
7 5 108 149 140 39 610 
8 5 128 267 172 9 1,300 
9 5 82 197 118 95 3,500 
10 5 107 182 160) ce 
i] 5 107 215 170) “ aaa 
12 7 86 126 350) - 
13 7 122 182 143) & aad 
Average 121 220 187 52 4,830 
Undosed animals 
14 0 170 143 120 — 314 
15 0 86 71 52 
16 0 86 74 47 22 47 
17 0 77 84 54 
18 0 107 116 48) 55 71 
19 0 107 77 57) a 


Average 105 94 63 35 100 








’ 
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Table 3. Concentration of vitamin Ain plasma and 
lymph of rats after administration of 5000 i.u./kg. 
of body weight 


ABSORPTION OF VITAMIN A 


Vitamin A 
Time 
killed i.u./100 ml. i.u./rat 
(hr.) plasma lymph 
Group after tissue 
no. dose Systemic Portal _ (intestinal) 
Dosed animals 
1 2 156 250 = 
2 2 240 255 3-0 
3 2 215 162 3-0 
4 2 638 470 3-7 
5 3 243 220 2-3 
6 5 145 147 — 
7 5 133 114 3-7 
8 5 225 245 2-5 
9 8 113 153 3-3 
Average 234 224 3-2 
Undosed animals 
10 0 104 96 — 
ll 0 104 117 0-4 
12 0 104 104 0-4 
Average 104 105 0-4 


be short, and that in these experiments any rise was 
missed. This is, however, considered unlikely as 
various periods between 1 and 24 hr. were allowed 
for absorption. Another possibility is that the 
absorption rate of vitamin A through the portal 
blood is low, causing a rise too small to be detected 
by the present methods of estimation. As the portal 
circulation during digestion is rapid, the total 
amounts of vitamin A thus absorbed may be quite 
considerable. The difference between the results 
obtained by Radice & Herraiz (1947) and those in 
this experiment may also be influenced by the fact 
that they gave a dose forty times larger. 

A possible criticism of the present investigation 
is that the amounts of vitamin A administered were 
considerably larger than those normally taken in 
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food. However, in experiments not yet published, 
we obtained similar results when newborn calves 
were fed artificial colostrum, fortified by amounts 
of vitamin A within the range occurring in natural 
colostrum. 

From our results we have been unable to obtain 
any conclusive evidence that vitamin A is carried 
from the intestine by the portal blood. On the other 
hand, the lymph draining the small intestine seems 
to be the main pathway by which the vitamin A 
reaches the general circulation. 


SUMMARY 


1. Bullocks, sheep and rats were dosed with 
5000 iu. of vitamin A/kg. body weight and 
slaughtered 1-24 hr. after dosing. On slaughter, 
vitamin A was estimated in systemic and portal 
blood, and also in the lymph or lymphatic tissues 
obtained from glands of the intestinal and other 
regions of the body. 

2. In all three species, the lymph or lymph 
glands of the intestine contained considerably more 
vitamin A in dosed than in undosed animals. The 
average values for sheep and bullocks after dosing 
were 4830 and 1500 i.u. of vitamin A/100 ml. and 
180 and 225 i.u./100 ml. for animals not dosed. This 
marked rise was not found in the body lymph after 
dosing, the concentrations being only 52 and 
175 i.u./100 ml. respectively. The major part of this 
absorption seems to take place in the upper part of 
the intestine. 

3. The vitamin A content of portal blood and of 
systemic blood rose after dosing, but the average 
figures for the portal blood were if anything slightly 
lower than those for systemic. 


Our thanks are due to Dr L. J. Harris, Dr T. Moore and 
Mr F. Blakemore for their valuable criticism and one of us 
(E.E.) is grateful to the Agricultural Research Council for 
financial support. 
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The Decarboxylation of o-Hydroxyphenylalanine 


By H. BLASCHKO, The Department of Pharmacology, University of Oxford 


(Received 6 August 1948) 


Two new substrates of the mammalian enzyme 
DOPA decarboxylase have recently been described, 
L-m-hydroxyphenylalanine and 1.-2:5-dihydroxy- 
phenylalanine (Blaschko & Sloane Stanley, 1948). 
Both these amino-acids have, like L-3:4-dihydroxy- 
phenylalanine, the phenolic hydroxyl group in the 
meta position relative to the side chain, and it was, 
therefore, concluded that it is the presence of this 
group in these three substances which enables them 
to be substrates. 

Tyrosine is not a substrate of the enzyme, but it 
is not known if the presence of a phenolic hydroxyl 
group in the ortho position is of importance for 
substrate specificity. In the experiments described 
in this paper the decarboxylation of o-hydroxy- 
phenylalanine by mammalian tissue extracts has, 
therefore, been studied. At the same time, a few 
observations on the action of amino-acid oxidases 
on o-hydroxyphenylalanine are reported. 


MATERIAL AND METHODS 


The observations were made on a sample of DL-o-hydroxy- 
phenylalanine for which I am grateful to Dr A. Neuberger. 

For the experiments with decarboxylase, extracts were 
freshly prepared by grinding the organs with sand and 
adding 1 ml. of 0-067 M-sodium phosphate buffer (pH 7-4)/g. 
of tissue. The supernatant fluid after 5 min. centrifuging 
was used. It was assumed that 1 ml. of extract contained 
the activity of 0-5 g. of tissue. The rate of CO, formation 
was measured manometrically as previously described 
(Blaschko, 1942); all the data given are corrected for CO, 
retention. 

For the study of amino-acid oxidases two preparations 
were used. D-Amino-acid oxidase was obtained from an 
acetone-dried powder of pig kidney. The powder (400 mg.) 
was left to stand at room temperature for 1 hr. with 4 ml. of 
0-067 m-sodium phosphate buffer (pH 7-4); of the super- 
natant fluid after centrifuging 0-6 ml. was used/flask. The 
second preparation was a sample of cobra venom which 
contained a powerful L-amino-acid oxidase described by 
Zeller & Maritz (1944). 


RESULTS 


(a) Decarboxylation of o-hydroxyphenylalanine 


Extracts from guinea pig kidney and rat liver were 
used. These organs contain DOPA decarboxylase. 
A solution of pti-o-hydroxyphenylalanine, when 
incubated with these extracts under anaerobic 


conditions at 37-5°, gave rise to CO,, the rate of 
formation of which was measured. The total 
amount of CO, formed suggested that only one 
stereoisomer was decarboxylated. For instance, in 
one experiment with 0-8 g. of guinea pig kidney the 
reaction had come to a standstill after 45-5 ml. of 
CO, had been formed from 0-4 ml. of 0-01 M-DL-o- 
hydroxyphenylalanine added. This corresponds to 
a formation of 0-51 mol. CO,/1-0 mol. piL-amino- 
acid. In view of what is known of the stereo- 
specificity of DOPA decarboxylase (Holtz, Heise & 
Liidtke, 1938; Blaschko, 1942; Blaschko, Holton & 
Sloane Stanley, 1949) it seems safe to assume that 
it is the L-isomer of o-hydroxyphenylalanine which 
is decarboxylated. 

The rate of decarboxylation of o-hydroxypheny]- 
alanine is a little slower than that of 3:4-dihydroxy- 
phenylalanine. The rates of formation of CO, from 
o-hydroxyphenylalanine, 3:4-dihydroxyphenylala- 
nine and m-hydroxyphenylalanine were compared; 
in one experiment guinea pig kidney extract was 
used, in the second rat liver extract. Each flask 
contained 0-4 ml. of 0-02 M-DL-amino-acid; the 
total volume was 2 ml. During the first experiment 
in which each flask contained extract from 0-15 g. 
of guinea pig kidney, the amounts of CO, formed in 
the first 6 min. were: 


pl. 
With 3:4-dihydroxyphenylalanine 43 
With o-hydroxyphenylalanine 32 
With m-hydroxyphenylalanine 35 


In the second experiment, with extract from 
0-8 g. of rat liver, the corresponding figures for CO, 
formation were: 


pl. 
With 3:4-dihydroxyphenylalanine 52 
With o-hydroxyphenylalanine 40 
With m-hydroxyphenylalanine 50 


In different experiments the relative rates of de- 
carboxylation have differed slightly, but the rate 
with 3:4-dihydroxyphenylalanine as substrate was 
always slightly greater than with either o- or m- 
hydroxyphenylalanine. 

DOPA decarboxylase is the catalyst responsible 
for the decarboxylation of m-hydroxyphenyl- 
alanine (Blaschko et al. 1949); the experiments 
described above suggested that o-hydroxyphenyl- 
alanine was another substrate of the same enzyme. 
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This was confirmed in a substrate competition 
experiment: the initial rate of CO, formation in the 
presence of both o- and m-hydroxyphenylalanine 
was about the same as with either substrate alone. 
With the extract from 0-15 g. of guinea pig kidney 
the amounts of CO, formed in the first 9 min. were: 


pl. 
With 0-008 m-m-hydroxyphenylalanine 28-5 
With 0-008 m-o-hydroxyphenylalanine 35 
With both amino-acids 31 


(b) Enzymic oxidation of o-hydroxyphenyl- 
alanine 


An extract of pig kidney powder consumed O, in 
the presence of pi-o-hydroxyphenylalanine. This is 
taken as an indication that p-o-hydroxyphenyl- 
alanine is a substrate of D-amino-acid oxidase. The 
rate of oxidation of o-hydroxyphenylalanine was 
compared with those of m-hydroxyphenylalanine 
and methionine; the initial concentrations of the 
amino-acids were 0-03 m. The amounts of O, con- 
sumed in the first 12 min. were: 


pl. 
With pi-o-hydroxyphenylalanine 8 
With pL-m-hydroxyphenylalanine 16 
With pi-methionine 198 


o-Hydroxyphenylalanine is also a substrate of the 
L-amino-acid oxidase of cobra venom. The rates of 
O, uptake with the same three amino-acids have 
been compared in an experiment in which each 
flask contained 1-2 mg. of cobra venom; the initial 
amino-acid concentrations were 0-028 m. The O, 
uptakes during the first 15 min. of the reaction were: 


pl. 
With pi-o-hydroxyphenylalanine 10 
With pL-m-hydroxyphenylalanine 54 
With pL-methionine 90 


DISCUSSION 
Metabolism of o-hydroxyphenylalanine 


DL-o-Hydroxyphenylalanine was first synthesized 
by Blum (1908), who showed that, like m-hydroxy- 
phenylalanine, it did not give rise to homogentisic 
acid in human alcaptonuria. He found that in a 
normal subject about one third of a dose of 5 g. 
was excreted as o-hydroxyphenylacetic acid in the 
urine. o-Hydroxyphenylacetic acid was also found 
in the urine of rabbits after feeding either o- 
hydroxyphenylalanine or o-hydroxyphenylpyruvic 
acid (Flatow, 1910). Subsequently the experiments 
of Blum (1908) and Flatow (1910) were often quoted 
as proof for Neubauer’s scheme of degradation of 
amino-acids by oxidative deamination. The results 
described in the experimental part of this paper can 
be considered as giving support to this scheme. The 
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two stereoisomers of.0-hydroxyphenylalanine were 
found to be substrates of amino-acid oxidases, and 
it therefore seems likely that o-hydroxyphenyl- 
acetic acid can arise from the DL-amino-acid via 
o-hydroxyphenylpyruvic acid. 

The present findings make it necessary, however, 
to consider another possible pathway of degra- 
dation of o-hydroxyphenylalanine, which would 
also lead to o-hydroxyphenylacetic acid. This 
pathway leads from t-o-hydroxyphenylalanine via 
o-hydroxyphenylethylamine and o-hydroxypheny!- 
acetaldehyde to o-hydroxyphenylacetic acid. The 
first of these steps is the decarboxylation reaction 
described in the first part of this paper; the second 
step is the oxidation of o-hydroxyphenylethylamine 
by amine oxidase, a reaction described by Randall 
(1946). The oxidation of the aldehyde formed in the 
oxidative deamination of o-hydroxyphenylethy]l- 
amine to the corresponding acid—o-hydroxy- 
phenylacetic acid—is parallel to the breakdown of 
closely related substances. The fate of o-hydroxy- 
phenylethylamine considered in this scheme is in 
fact similar to that of tyramine. Ewins & Laidlaw 
(1910) have shown that tyramine is excreted as p- 
hydroxyphenylacetic acid in the dog, and that the 
same end product is found when the livers of cats 
and rabbits are perfused with tyramine. These 
observations found their explanation in the dis- 
covery of amine oxidase (Hare, 1928; Bernheim, 
1931). 

It is not known to what extent these two path- 
ways contribute to the formation of o-hydroxy- 
phenylacetic acid from o-hydroxyphenylalanine. The 
same is true for the breakdown of m-hydroxyphenyl- 
alanine: m-hydroxyphenylacetic acid is found in the 
urine when m-hydroxyphenylalanine is fed (Blum, 
1908; Flatow, 1910); m-hydroxyphenylalanine is 
also a substrate of amino-acid oxidases as well as 


- of DOPA decarboxylase (Blaschko et al. 1949). 


Substrate specificity of DOPA 
decarboxylase 


The substrate specificity of DOPA decarboxylase 
can now be more precisely defined. It has been 
shown that the presence of two phenolic hydroxyl 
groups is not required; the presence of one such 
group is essential. However, the position of this 
group in relation to the side chain is of importance ; 
a hydroxyl] group in the para position to the side 
chain is not sufficient, but the presence of a hydroxyl 
group in either the meta or in the ortho position is 
sufficient. 

A similar study of substrate specificity has been 
carried out in this laboratory for the L-tyrosine 
decarboxylase of Streptococcus faecalis R (Sloane 
Stanley, 1949). This enzyme has a completely 
different pattern of affinities; it has a marked 
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preference for tyrosine, it acts less readily on 
m-hydroxyphenylalanine and has practically no 
affinity for o-hydroxyphenylalanine. 

The bacterial and the mammalian enzyme are 
closely related; both are pyridoxalphosphate- 
proteins (Gunsalus, Bellamy & Umbreit, 1944; 
Gale, 1946; Green, Leloir & Nocito, 1945; Blaschko, 
Carter, O’Brien & Sloane Stanley, 1948). Their 
different affinities for tyrosine and its two isomers 
must, therefore, be due to structural differences of 
the enzyme proteins. The observations reported 
here show that the position of the phenolic hydroxyl 
group is one of the factors which govern the enzyme- 
substrate relationships of the two decarboxylases. 


1949 


SUMMARY 


1. Extracts of rat liver and guinea pig kidney 
form carbon dioxide when incubated anaerobically 
with o-hydroxyphenylalanine; it is suggested that 
L-o-hydroxyphenylalanine is a substrate of DOPA 
decarboxylase. 

2. o-Hydroxyphenylalanine is a substrate of the 
D-amino-acid oxidase of pig kidney. 

3. o-Hydroxyphenylalanine is a substrate of the 
L-amino-acid oxidase of cobra venom. 


The author is grateful to Miss Pamela F. Kordik for 
technical assistance. 
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Reducing-group Production from Starch by the Action of «- and 
B-Amylases of Barley Malt. Activity of «- and 8-Amylases 


By I. A. PREECE anp M. SHADAKSHARASWAMY 
Chemistry Department, Heriot-Watt College, Edinburgh 


(Received 19 July 1948) 


Recent proposals for the determination of «-amylase 
of barley malt (Graesser & Dax, 1946; Preece, 1947, 
1948) involve differential heat inactivation at 70° 
in the presence of calcium ions, followed by stan- 
dardized conversion of a soluble starch substrate 
(American Society of Brewing Chemists, 1944; 
Institute of Brewing, 1933), with determination of 
reducing groups by ferricyanide titration or by 
Fehling’s titration respectively. Thus, B-amylase is 
heat-inactivated and the observed saccharification 
of the starch is brought about by «-amylase alone 
(cf. Kneen, Sandstedt & Hollenbeck, 1943). Total 
saccharification by the joint action of the «- and 
f-amylases present in the malt being readily deter- 
mined as a measure of diastatic power by a similar 
method with the heat inactivation omitted, sac- 
charification by B-amylase should be obtainable by 
difference. 


These proposals involve a number of assumptions. 
Thus, it is necessary to be able to work under such 
conditions for starch,conversion that the production 
of reducing groups shows a linear relationship with 
enzyme concentration and with duration of action, 
and also to know that the reactions of the two 
components are, in fact, truly additive in the 
reaction range used. The published data relating to 
these points have been developed under a wide 
variety of experimental conditions. Thus, of the 
more recent work, Kneen & Sandstedt (1941), using 
2% (w/v) soluble starch solution for hydrolysis at 
30°, find linearity between enzyme concentration and 
reducing-group production (ferricyanide method) 
up to 40 % hydrolysis for the joint action of the two 
enzymes, and up to 30% for B-amylase alone; for 
a-amylase they found no region of linearity. Further, 
it was shown that, under the experimental condi- 
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tions used, saccharification by the two components 
was additive for a wide range of ratios of B- to «- 
amylase saccharogenic activity, deviating slightly, 
however, when this ratio was less than 2. Claus 
(1947), on the other hand, investigating B-amylase 
activity at pH 5-5 and various temperatures, with 
20% maize starch paste as substrate, found 
reducing-group production (ferricyanide-ceric sul- 
phate titration) to be a zero-order reaction up to 
18% conversion. Freeman & Hopkins (1936), at 
25°, pH 4-6, and with 2 % (w/v) soluble starch solu- 
tion, found that with low concentrations of the two 
enzymes saccharification (iodometric titration) was 
additive, though with higher concentrations of f- 
amylase the observed saccharification might exceed 
that calculated from the two component rates. 

Although there is thus some agreement that an 
additive reaction is, in general, concerned—at least 
when the total hydrolysis achieved is not great— 
the data quoted do not afford a precise guide to 
conditions operating in the widely used standard 
methods for diastatic power determination of the 
Institute of Brewing (1933) and of the American 
Society of Brewing Chemists (1944) and in the 
proposed modification for determination of the 
individual enzymes. Accordingly, the problem has 
been reinvestigated using 2% and 1 % (w/v) soluble 
starch substrates at 21° and pH 4-6, as a necessary 
preliminary to a more extended study of the joint 
action of the two enzymes. 


EXPERIMENTAL 


Reducing-group determination. In a modification of the 
Hagedorn-Jensen method, ferricyanide-carbonate reagent 
was used under conditions similar to those described by 
Lampitt, Fuller, Goldenberg & Green (1947), but with the 
range increased to determine a maximum of 18 mg. of 
reducing groups, calculated as anhydrous maltose. Thus, 
the ferricyanide reagent contained 33-0g. K,Fe(CN),/ 
500 ml., and the carbonate 424g. anhydrous Na,CO,/ 
500 ml. For titration, 0-025N-Na.S,0, was used, and the 
other reagents and the general conditions of working were as 
described by Lampitt et al. (1947). Standardized against a 
sample of maltose of known purity, under conditions of salt 
concentration identical with those encountered in the 
starch conversions, a linear relationship holds between 
maltose concentration and thiosulphate titration figures; 
lml. 0-01N-thiosulphate is equivalent to 0-368 mg. of 
maltose, a figure differing materially from that of Lampitt 
et al. (1947), but agreeing with that of the American Society 
of Brewing Chemists’ method (1944), in which the relative 
proportions of ferricyanide, carbonate, and reducing groups 
during the reaction are substantially the same as those now 
used. 

B-Amylase preparation. In a modification of the method 
of Hopkins, Murray & Lockwood (1946), ground barley 
was extracted with 2-5 times its weight of 20% (v/v) 
ethanol for 30 min. with stirring, the mixture filtered 
and the concentration of ethanol adjusted to 50% (v/v). 
After allowing to stand for 18 hr. the precipitate was 
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filtered off and discarded, and the concentration of ethanol 
in the filtrate adjusted to 80% (v/v). The precipitate, 
taken to dryness in the usual way and tested by the 
method of Preece (1947), proved to contain not more «- 
amylase than would produce 1/750 of the saccharification 
due to B-amylase (Table 1). 


Table 1. Effect of maintaining solutions of «- and 
B-amylases at 70° in presence of Ca++ 


(Samples of the enzyme solutions were allowed to act on 
1% (w/v) soluble starch solution at 21° and pH 4-6 for 
30 min.) 


Time of Reducing-group production 
maintenance (calculated as mg. maltose) 
at 70° 

(min.) a-Amylase B-Amylase 

0 295-8 296-7 

15 280-7 0-4 

30 258-1 0-4 

45 237-6 0-4 


a-Amylase preparation. For this preparation a barley 
malt was used which had been specially dried at a tempera- 
ture not exceeding 45°. The ground malt was extracted 
for 3hr. with 20% (v/v) ethanol, and the filtrate 
adjusted to an ethanol concentration of 60% (v/v). The 
separated precipitate was taken to dryness to remove 
ethanol, redissolved in water and, after adding 0-2 ¢. 
calcium acetate/100 ml., maintained at 70° for 15 min. 
After cooling and removal of coagulated material, the a- 
amylase was reprecipitated and taken to dryness. f- 
Amylase activity could not be detected in such preparations 
(Table 1). 

Soluble starch substrate. The sample of soluble starch used 
contained 0-5% of reducing groups (as maltose); solutions 
were prepared containing (a) 1-111 g. (dry substance)/ 
100 ml., or (6) 2-222 g./100 ml., acetate buffer being added 
in each case to give a pH value of 4-6. Solutions were 
adjusted before use to 21°. 

Starch conversions. Conversions of both 1 and 2% (w/v) 
starch solutions were carried out, 90 ml. of the bulk solution 
being used in each case. The unit of enzyme activity chosen 
was that amount of enzyme preparation which would 
produce in 15 min. reducing groups equivalent to 12-5 mg. 
of maltose from 1 g. of soluble starch in a total vol. of 
100 ml. at pH 4-6 and 21°. The weights of the initial a- and 
f-amylase preparations containing 1 unit of activity were 
0-8 and 0-2 mg. respectively. Later preparations were 
somewhat more active. The unit concentrations are sym- 
bolized as law and 18 respectively, and the approximate 
relative concentrations used are shown in Tables 2 and 3. 
Samples of solutions containing the appropriate amounts 
of enzyme, previously adjusted to 21°, were added to 90 ml. 
portions of the starch solution, and the total volume in each 
case adjusted to 100 ml. At appropriate intervals, samples 
of the conversions were pipetted into sufficient aqueous 
NaOH to give a total volume of 10 ml. at pH 10-5-11; 
reducing-group determinations were then carried out. 


RESULTS 
Results in Tables 2 and 3, which are corrected for 


reduction due to the starch itself and to the enzyme 
solution, are expressed in terms of theoretical 
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Table 2. Liberation of reducing groups in 1% (w/v) soluble starch solution 
by varying proportions of «- and/or B-amylase 


(Temp., 21°; pH, 4-6; results expressed as percentage of theoretical maltose.) 


Approximate relative 
concentration of 
enzymes 


la 
2a 
3a 


la +4B: Obs. 
Cale. 
2a +38: Obs. 
Cale. 
3a +28: Obs. 
Calc. 
4a+1f: Obs. 
Cale. 


12:3 
12-8 
12-0 
13-1 
12-0 


Reaction time (min.) 


ce 


45 60 120 180 


3°3 4:3 8-1 

6-1 7:8 13-8 
10-2 13-6 21-1 
13-8 18-0 30-1 
16-5 19-1 31-2 

3-6 4-7 8-8 

7-8 10-4 18-8 
11-9 15-5 26-4 
15-6 20-3 32-7 
19-3 24-2 36-2 
19-1 24-7 43-7 
18-9 24-6 40-8 
18-0 22-4 39-6 
18-0 23-3 40-2 
18-4 24-0 40-0 
18-0 24-0 39-9 
18-0 22-8 37-6 
17-4 22-7 38-9 


Obs. =observed; Calc. = calculated. 


Table 3. Liberation of reducing groups in 2% (w/v) soluble starch solution 
by varying proportions of «- and/or B-amylase 


(Temp., 21°; pH, 4-6; results expressed as percentage of theoretical maltose.) 


Approximate relative 
concentration of 
enzymes 


_ 
i 
w 
So 


la 
2a 
3a 
4a 


la+4B8: Obs. 
Cale. 
2a +38: Obs. 
Cale. 
3a +28: Obs. 
Cale. 
4a +18: Obs. 
Cale. 
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Reaction time (min.) 
ont Nam 


45 60 120 
1-9 2-4 4-5 
4-0 5-4 9-8 
5:8 7:3 12-8 
6-9 9-5 18-1 
9-1 11-7 22-4 
2-2 2-9 5:8 
4-6 6-2 11-6 
7-4 9-5 17-3 
8-7 11-4 20-1 
11-7 15-2 27-6 
10-4 13-0 24-4 
10-6 13-8 24-6 
10-8 13-5 26-6 
11-4 14-9 27-1 
10-4 12-7 25-1 
10-4 13-5 24-4 
9-7 12-6 22-7 
9-1 12-4 23-9 


Obs. = observed; Calc. =calculated. 


maltose, i.e. reducing groups calculated as maltose 
are returned as a percentage of the maltose theoreti- 
cally obtainable by complete hydrolysis of the 
starch, it being assumed that 1 g. of starch would 
yield 1-055 g. of maltose. Direct comparison is 
possible of pairs of results (observed and calculated) 
bracketed together at the foot of each table, as the 
three determinations involved were performed simul- 
taneously and using the same preparations of 
enzyme solutions. Direct comparison between 


results with other proportionate enzyme concen- 
trations is less exact, as this involves comparison 
of enzyme solutions necessarily prepared on different 
occasions. 


DISCUSSION 


Examination of the results given in Tables 2 and 3 
indicates that, under the conditions used, a linear 
relationship between reducing-group production and 
time of reaction persists for B-amylase up to the 
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production of approximately 15% of theoretical 
maltose. This accords closely with the observation 
of Claus (1947), but is substantially lower than the 
limit of 30% given by Kneen & Sandstedt (1941) 
for linearity between reducing-group production 
and enzyme concentration; for the latter relation- 
ship, however, the present results give linearity 
up to approximately 25% suggesting, during the 
hydrolysis, a falling off in enzyme activity propor- 
tional to enzyme concentration. Hence, comparison 
of two B-amylase solutions giving conversions in 
the range 15-25%, while allowing correct relative 
results, will tend to give absolute results which are 
somewhat lower than the true values. 

With «-amylase the relationships are less simple. 
Thus it may be agreed that true linearity with time 
does not occur. However, so long as the reaction 
time does not exceed 30-45 min., the departure from 
linearity up to 10 % conversion is so small that very 
useful comparative measurements can be made in 
this range; in practice, little error is incurred if 
linearity is assumed up to 15%. With «-, as with B- 
amylase, proportionality between enzyme concen- 
tration and reducing-group production holds with 
considerable accuracy up to 25 % hydrolysis. Thus, 
for comparison of the activities of two «-amylase 
solutions, conversions up to 25 % may be employed, 
though for individual measurements for routine 
purposes a limit of 10-15 % should not be exceeded. 

For joint action, linearity up to 40 % hydrolysis 
is usually assumed (Kjeldahl’s law), but this as- 
sumption is not justified with the present methods. 
For the present results, proportionality between 
reducing-group production and time ceases in the 
range 20-25% hydrolysis for the whole series of 
B:a ratios employed and for both 1% (w/v) and 
2% (w/v) soluble starch substrate. On the other 
hand, the additive relation in joint action can only 
thus be stated in simple terms: reducing-group pro- 
duction by «- and f-amylases acting together is 
truly additive during the linear phase of joint action. 
When linearity is departed from, an additive rela- 
tion may persist, depending inter alia on substrate 
concentration and the 8: « ratio. Thus, with 1% 
(w/v) soluble starch, a B : « ratio of 4:1 gives addi- 
tive hydrolysis up to 25 % theoretical maltose pro- 
duction ; thereafter in the range studied the observed 
hydrolysis exceeds that calculated as the sum of 
individual actions. With «- and B-amylase concen- 
trations of similar reducing group-producing poten- 
tialities, the joint action is‘still additive at 40-50% 


hydrolysis. With a B:« ratio of 1:4, there is a. 


tendency for the observed hydrolysis beyond 25 % 
to be somewhat below that calculated, a tendency 
which is seen with all the investigated ratios using 
2% (w/v) soluble starch substrate. 

Therefore, if the described ferricyanide technique 
is used for amylase determination, hydrolyses in 
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a period preferably not greater than 30 min. and 
not exceeding 15, 10-15 and 20-25 %, production of 
theoretical maltose should be employed for £-,«-,and 
joint action respectively. Applied to brewery malt 
extracts, in which the 8: « ratio is usually approx. 
4:1 (Preece, 1947), determination of «-amylase 
activity and joint action (diastatic power) within 
the prescribed limits allows B-amylase activity to 
be obtained by difference. It would appear that, 
under the conditions described, «- and B-amylases 
function quite independently of one another. 

It has recently been claimed by Blom & Rosted 
(1947) that the use of the ferricyanide method for 
determining reducing groups in solutions containing 
starch-conversion products tends to give high re- 
sults as compared with copper-reduction methods. 
Thus, a solution which gave 42-0% theoretical 
maltose by ferricyanide reduction gave 34-9 % with 
copper tartrate reagent (Fehling’s solution); the 
surprisingly large discrepancy is probably due to a 
partial oxidative rupture of glucosidic bonds in 
oligosaccharides and polysaccharides. In view of the 
increasingly widespread use of modifications of the 
Hagedorn-Jensen method, because of its simpli- 
city of operation and the high reproducibility of 
results, it is clearly important to know whether the 
suggested oxidative disruption of glucosidic link- 
ages militates against obtaining accurate measure- 
ments. However, the method has been used with 
success by the American Society of Brewing 
Chemists (1944), results of diastatic power deter- 
mination being returned as ‘maltose equivalent’ or, 
after dividing this figure by 4, as ‘degrees Lintner’ ; 
the same divisor is employed when Fehling’s solu- 
tion is used for reducing-group determination, and 
it must be remembered that the definition of 
‘degrees Lintner’ depends fundamentally on the use 
of Fehling’s solution. Whether a figure somewhat 
greater than 4 should be taken as divisor following 
the use of ferricyanide is at present under investi- 
gation, but apart from this possible objection there 
is little doubt of the superiority of the ferricyanide 
method for this type of work; the end point is 
sharper than with Fehling’s solution (especially for 
a-amylase conversions), and no difficulties arise in 
carrying out enzyme and substrate blanks. 


SUMMARY 


1. Using 1 % (w/v) or 2% (w/v) soluble starch as 
substrate at pH 4-6 and 21°, reducing-group pro- 
duction (assessed by ferricyanide titration) by B- 
amylase shows a linear relationship with time up to 
15 % hydrolysis, and by the joint action of B- and 
a-amylase a similar relationship up to 20-25% 
hydrolysis. With «-amylase alone true linearity is 
lacking, but departure from linearity up to 10-15% 
hydrolysis is slight. 

18 
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individual actions, depending on substrate condi- 


2. With B: «ratios varying from 4:1 to 1: 4, the 
action of the two enzymes is truly additive up to 
20-25 % hydrolysis; beyond this point it may be 
equal to, greater than or less than the sum of 


tions. 


3. The significance of these facts in the assess- 


ment of amylolytic activity is discussed. 
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Changes in the Extracellular and Intracellular Fluid Phases of Muscle 
During Starvation and Dehydration in Adult Rats 


By 8S. E. DICKER (Beit Memorial Fellow), Department of Pharmacology, University of Bristol 


(Received 28 July 1948) 


It has been shown in a previous paper (Dicker, 
1948) that rats fed on a protein-deficient diet 
develop tissue oedema very rapidly, i.e. the extra- 
cellular fluid phase of muscle and liver, as estimated 
in terms of chloride space, increases. The oedema 
starts at a time when the plasma protein concen- 
tration and the plasma colloid osmotic pressure are 
still normal. It seemed, therefore, of interest to 
investigate changes in the extracellular fluid phase 
of muscle in rats undergoing inanition or dehydra- 
tion over short periods in which the plasma protein 
concentration was not decreased. 


METHODS 


Experimental animals. Adult male and female albino rats 
were used, of body wt. 250-320 g. 

Diet. Some weeks before the experiment the animals 
were fed on a commercially prepared diet containing wheat 
offal 17-7, ground barley 8-8, white-fish meal 4-5, meat and 
bone meal 8-8, dried skimmed milk 14-0, dried yeast 1-2, 
salt 0-4, and cod-liver oil 0-4%. The total N content of the 
diet amounted to 3-26%, and its water content to 10-5%. 
The mineral content by analysis was 0-344 g. Cl, 0-210 g. 
Na, 4-100 g. K/100 g. and the calorific value 306-0 cal./ 
100 g. During the period of experimentation the same type 
of food, but completely dehydrated, was given to one series 
of rats. 

Analytical procedures. The following data were deter- 
mined in each rat: (a) the content of water, chloride, 
sodium, potassium and nitrogen of heparinized plasma (in 
some cases, the urea concentration of plasma was also 


estimated); (b) the content of water, chloride, sodium and 
potassium of muscle samples (the muscle used was the 
rectus abdominis) ; (¢) the concentration of Cl-, Na, K and N 
in the urine; urea and NH, in the urine were estimated in 
some cases. 

Water content, Cl-, Na and K concentrations were 
estimated in tissue and plasma samples, in the same manner 
and by the same methods as described in a previous com- 
munication (Dicker, 1948). Urea in plasma was estimated 
colorimetrically according to the method of Lee & Widdowson 
(1937), and the N content of plasma was determined by a 
micro-Kjeldahl method. 

In the urine, Cl- was estimated according to Volhard 
(1878), and Na and K by the method of McCance & Shipp 
(1933). NH, was adsorbed on permutit and estimated after 
nesslerization (Folin & Bell, 1917), and the urea determina- 
tion followed the method of Scott (1940). The specific 
gravity of urine was determined in the apparatus of 
Heller (1940), using a mixture of carbon tetrachloride and 
light petroleum. All data for muscle are expressed per 
100 g. fat-free tissue (see Hastings & Eichelberger, 1937). 


Estimation of the extracellular and intracellular fluid phases 
of muscle. The extracellular and intracellular fluid phases of 
muscle were calculated on the assumption that all the Cl- 
is extracellular, and that its concentration is that of an 
ultrafiltrate of serum (Fulton, 1947). The volume of the 
‘extracellular fluid phase was determined by calculation 
(Hastings & Eichelberger, 1937). 

The amount of potassium in the intracellular fluid phase 
was calculated as follows: 


m-equiv. intracellular K/kg. muscle=(K) ,—(H,0),¢* (K)y, 


where (K),,=m-equiv. K/kg. muscle, (K),=m-equiv. 
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K/kg. extracellular water =0-95 x(K),, where (K),=m- 
equiv. K/kg. plasma water, (H,O)»—=g. extracellular water/ 
kg. muscle =0-99 x F, where F =extracellular fluid phase as 
calculated from the chloride space. The amount of Na in 
the intracellular fluid phase was similarly calculated 
(Fulton, 1947). 

Response to water administration (water diuresis). Starved 
and dehydrated rats were given an amount of water equal 
to 5% of their body wt. by stomach tube, and their urinary 
excretion was compared with that of normal rats. The 
evening before the tests the normal rats were deprived of 
food and water. Urine was collected in graduated cylinders; 
the urinary volumes were recorded at 15 min. intervals and 
expressed as percentages of the amount of water ad- 
ministered. The urine collection was continued over a 
period of 2 hr. 

General procedure. Two series of rats were investigated: 
(a) rats fed on a dry diet, without any supply of water; 
(b) rats which were allowed a free supply of water, but no 
food. No experiment lasted more than 6 days. During the 
period of observation rats were kept in individual meta- 
bolism cages. Urine was collected under paraffin, and the 
contamination of urine by faeces was avoided by using glass 
separators. At the end of the period of observation, the 
animals were either killed under ether anaesthesia, and 
blood and tissue samples were taken and analyzed, or they 
were given a standard amount of water to drink and killed 
after their water diuresis had been followed for 2 hr. 

Statistical treatment. Results are given as means and 
standard error. Student’s ‘t’ test (Fisher, 1944) for small 
samples was used for estimating the significance of means. 
The probability P for t was obtained from the Tables of 
Fisher & Yates (1943). 


RESULTS 


Rats without food, but with free access 
to water 


The intake of water and the urinary excretion were 
measured daily. The amount of water drunk varied 
from day to day and from animal to animal, but in 
spite of important individual variations (Tables 1 
and 3), at the end of the 6 days of observation, the 
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average amount of water drunk over 24 hr. had 
fallen from 4-5 ml./100 g. body weight in the controls 
to 3-3 ml./100 g. body weight. This finding agrees 
with that of Adolph (1947). 

Table 1 shows a typical experiment on two rats 
starved for 6 days. It will be noted that the amounts 
of water drunk and the amounts of urine excreted 
were not only irregular, but did not seem to bear 
any relation to each other. It will also be noted that 
in spite of the water drunk, the urine remained more 
concentrated than in the controls where the sp.gr. 
was found to be 1-017+0-0016 (Heller, 1949). 
Towards the end of the experiment there was a fall 
in the urinary concentration of sodium, chloride and 
potassium, but not in that of nitrogen. 

After 3 days without food, but with free access 
to water, the plasma protein concentration and 
plasma water content, as well as the concentration 
of chloride, sodium, and potassium in plasma, 
were comparable with those of controls. The 
total muscle water content was normal, but 
the concentrations of chloride and sodium in 
muscle were increased (¢=4-761, P<0-001 and 
t= 2-020, P<0-1>0-05 respectively); this resulted 
in an increase of the extracellular fluid phase; it 
amounted to 20-3+ 1-41 ml./100 g. fat-free tissue, 
as compared with 16-7 + 0-50 ml./100 g. in controls 
(t= 2-978, P<0-01). Chloride and sodium space, 
however, remained comparable in size (£=0-585, 
P>0-5), as in normal animals. Concurrent with 
the increase of the extracellular fluid phase of 
muscle, there was a decrease of the intracellular fluid 
phase (¢= 2-403, P< 0-05), though its concentration 
of water remained unchanged (Table 2). 

After 6 days with water, but without food, the 
plasma concentrations of proteins, chloride, and 
sodium were still in the normal range (Table 2), 
but there was an increase in the plasma concen- 
tration of potassium as compared with that of 


Table 1. The effect of withdrawing food from rats with free access to water 
on body weight and volume and composition of urine 


Water Urine 
Wt. of drunk excreted 

Rat rat (ml./100 g./  (ml./100 g./ 
no. Day (g-) 24 hr.) 24 hr.) 
23 1 272 —- a= 

2 268 2-61 1-86 

3 246 0-00 - 2-00 

4 231 3-00 2-16 

5 228 4-02 1-91 

6 220 5-45 2-70 

7 210 2-86 1-52 
24 1 355 _ — 

2 340 0-88 1-76 

3 315 0-00 - 2-06 

4 297 1-68 1-69 

5 286 1-71 2-45 

6 262 1-14 3-00 

7 245 0-81 2-98 


Urine (g./100 ml.) 





Urine — ~, 

(sp.gr.) Cl- Na K N 
1-049 0-290 0-150 1-056 0-55 
1-047 0-272 0-131 1-006 0-56 
1-046 0-187 0-110 1-420 0-75 
1-040 0-049 0-043 0-900 — 
1-040 0-045 0-045 1-100 0-54 
1-038 0-101 0-079 0-718 0-59 
1-056 0-309 0-196 1-030 0-80 
1-057 0-256 0-158 1-230 0-64 
1-051 0-320 0-125 1-600 0-77 
1-046 0-129 0-122 1-520 1-25 
1-049 0-142 0-114 0-940 0-82 
1-043 0-187 0-100 0-703 0-53 


18-2 
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controls (¢= 2-045, P=0-05). The total amount of 
muscle water was not significantly different from 
that of normal animals, but the extracellular fluid 
phase, expressed in terms of chloride space, was 
markedly increased; it amounted to 22-3+ 3-40 
ml./100 g. fat-free tissue instead of 16-7 ml./100 g. 
in controls. In contrast with normal rats, in which 
chloride and sodium occupied a comparable space 
(Dicker, 1948), the sodium space in this series of 
rats was greater than that of chloride (¢= 2-028, 
P<0-1>0-05), indicating that sodium had pene- 
trated into the muscle cells. The amount of muscle 
potassium decreased significantly as compared with 
controls (¢= 3-023, P<0-01). 

There was thus clear evidence of tissue oedema in 
the starved rats with access to water. It will be 
noted, however, that the standard error of the 
calculated mean value for the extracellular fluid 
phase was much greater than that of controls 
(Table 2): the coefficient of variation of the extra- 
cellular fluid phase in the series of rats starved for 
6 days amounted to 52-8+ 10-80%, as compared 
with 15-0+ 2-04% in normal rats (standard error 
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of difference = 3-44). This significant increase of the 
coefficient of variation was correlated with the 
variability in the amount of water drunk by these 
rats. Table 3 shows changes in the body weight of 
two rats compared with the amount of water drunk 
and that of urine excreted per 100 g./24 hr. during 
6 days of starvation. It will be seen that the 
amounts of urine/100 g. body weight/24 hr. were 
comparable, but that the amounts of water drunk 
were very different: they averaged 3-1 ml./100 g./24 
hr. in one rat, and only 0-6 ml./100 g./24 hr. in the 
other. This resulted in a discrepancy in the decrease 
of body weights. The loss of body weight amounted 
to 24-8 and 33-0 % respectively. Concurrently with 
the discrepancy in the water load, the plasma ionic 
concentration, the muscle water content and the 
extracellular fluid phases of these two rats were 
markedly different (Table 3). These differences 
suggested that there was a failure in the mechanism 
of water excretion. To investigate this hypothesis, 
a standard amount of water was administered to 
rats which, though starved, had free access to 
water. Table 4 shows the renal response to water 


Table 3. The effect of withdrawing food from rats with free access to water 
on body weight, plasma and muscle composition 


(All values for muscle are expressed/100 g. fat-free tissue.) 
Muscle (ml./100 g.) 


Decrease Water Urine Plasma concentration Extra- Intra- 
: in body drunk excreted (m-equiv./I.) cellular _ cellular 
Rat wt. (ml./100 g./ (ml./100 g.J.__ _—————_+*_ Water fluid fluid 
no. Day (%) 24 hr.) 24 hr.) Cl- Na K content phase phase 
17 1 7-5 Nil 2-2 
2 6-5 1-0 1-8 
3 6-0 0-8 2-3 9. " : ¢ " ‘ 
4 6-0 0-7 2-0 112-7 146-5 6-3 75-6 17:3 58-3 
5 7-0 0-5 2-7 
6 6-5 0-6 2-3 
18 1 8-2 Nil 2-2 
2 6-1 3-0 2-1 
3 2-0 3-9 2-0 2. ‘ ; : 23- ; 
4 3-5 5-5 2-7 92-4 130-0 5-1 77-0 23-7 53-3 
5 3-0 3-0 1-5 
6 3-0 4:3 2-1 


Table 4. Water diuresis in starved and dehydrated rats 
(Each dose of water was 5% of the body wt. and was administered by stomach tube.) 


Urine output (% of administered dose) 
. —A.. 





Y 











ee 
Time 12 rats dehydrated for 6 days 
after water 10 starved rats with water ad lib. — =~ 
administration — AN . First dose Second dose Third dose 
(min.) 60 normal rats After 3 days After 6 days of water of water of water 
15 Nil Nil Nil Nil Nil Nil 
30 1-9+0-50 ” ”? > ” > 
45 10-0 +0-82 1-9+0-71 ” ” ” ” 
60 22-44 1-54 7-44+2-59 6-4+41-31 aa as 8-0+42-53 
75 37-0+1-83 17-4+4-00 15-242-45 pa ~ 16-0+4-36 
90 §2-4+2-00 29-0+7-02 22-1+3-55 aa és 19-0+5-02 
105 69-4+1-81 37-947:13 30-35-70 Sa “ 26-0+5-20 
120 81-9+0-94 44-04. 8-24 37-547-09 is sa 30-047-57 
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administration in rats starved for 3 and 6 days: after 
only 3 days of starvation, and in spite of the fact 
that the animals had water ad lib., there was a 
delay in the onset of the diuresis, and a very marked 
decrease of the urinary volume. Ninety minutes after 
water administration the amount of urine excreted 
amounted to 29-0+7-02% of the water given as 
compared with 52-4+ 2-00 % in controls (Table 4). 

This finding and the fact that the samples of 
urine excreted during the period of experimentation 
had a relatively high specific gravity (Table 1) 
suggest that the water retention, and hence the 
tissue oedema might be, directly or indirectly, of 
renal origin. 





Rats fed on a dry diet, without access 
to water 


During the first 24 hr. the intake of food was 
normal, i.e. between 15 and 20 g./animal, yielding 
between 50 and 60 cal./day, which compared well 
with controls; but from the second day, the amount 
of food eaten fell sharply, and from the third 
to the sixth day all the animals refused to eat. 
During the last 2 days the rats became extremely 
nervous and restless, biting the wiring of their cage 
and trying to escape. 
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The urinary volume excreted/24 hr. decreased 
progressively from the first to the sixth day. 
Table 5 shows a typical experiment on two rats. 
The analyses of the urine samples reported in 
Table 5 are those of the second, fourth and sixth 
days. The most striking feature was the dis- 
appearance of chloride in the urine, in spite of 
the fact that the specific gravity remained high 
(Table 6). This disappearance of urinary chloride 
cannot be explained by a decrease in the concen- 
tration of plasma chloride (Table 5), nor is it the 
result of a failure in the ability of the kidney to 
concentrate (Tables 5 and 6). However, from the 
fact that on the sixth day the concentrations of 
chloride, sodium, potassium and urea were higher 
in the plasma of these rats than in controls, it may 
be assumed that the glomerular filtration rate of 
the kidneys was decreased. 

After 6 days without water, the plasma water 
content of rats amounted to 91-1 + 0-10 % (Table 2), 
and their chloride, sodium and potassium concen- 
trations were significantly higher than in controls 
(t= 7-630, P< 0-001; t= 2-037, P= 0-05 andt= 6-738, 
P<0-001, respectively). The total water content of 
muscles in this series of thirsting rats amounted 
to 73-5 ml./100 g. fat-free tissue, which was 


Table 5. Effects of withdrawal of water on the composition of urine and plasma of rats 


(On the second, third and fourth days the urine was collected over a period of 24 hr.) 


Day of Vol. Cl- Na K NH, Urea 
observation (ml.) (g-/100 ml.) (g./100 ml.) (g./100 ml.) (g./100 ml.) (g./100 ml.) 

Male rat (initial wt. 298-5 g., final wt. 260-0 g.) 

Second Urine 6-65 0-283 0-332 1-023 0-889 2-705 

Fourth Urine 2-90 0-064 0-115 1-421 2-370 9-350 

Sixth Urine 1-80 0-011 0-086 1-591 5-785 9-075 

Sixth Plasma — 0-327 * 0-318 0-028 —_ 0-108 
Male rat (initial wt. 272-5 g., final wt. 190-0 g.) 

Second Urine 4:5 0-476 0-290 0-984 1-036 2-857 

Fourth Urine 2-6 0-429 0-447 1-635 1-580 11-475 

Sixth Urine 2-5 0-015 0-190 1-787 4-350 8-325 

Sixth Plasma = 0-312 0-307 0-030 -— 0-129 


Table 6. Effects of dehydration and of subsequent administration of water 
on the body weight and volume and composition of urine of rats 


(The rats were deprived of water from day 1 to day 6, and free access to water was allowed on day 7.) 





Average Average Urine 
Average wt. of vol. of r — — 
body food water Average vol. 
wt. eaten drunk excreted Cl- Na K 
Day (g.) (g-) (ml.) (ml./24 hr.) Sp.gr. (g./100 ml.) (g./100 ml.) — (g./100 ml.) 
1 200 ai - as sige ‘a0 se sie 
2 181 19-0 Nil 8-8 1-060 0-390 0-304 0-749 
3 171 6-5 cs 2-5 1-060 0-224 0-201 0-806 
4 159 Nil 5s 2-6 1-060 0-171 0-103 0-826 
5 154 - 5s 1-2 1-060 0-045 0-036 0-944 
6 149 - - 0-8 1-059 0-043 0-020 0-713 
7 164 ee 21-0 3-5 1-042 0-021 0-017 0-720 
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significantly lower than that of controls (¢= 3-818, 
P<0-001). The loss of muscle water affected both 
the extracellular and the intracellular fluid phases, 
but not in the same manner. In spite of an increase 
in its ionic concentration (Table 2), the extra- 
cellular fluid phase, expressed in terms of chloride 
space, decreased from an average of 16-7 to 
15-6 ml./100 g. fat-free tissue (¢= 2-026, P<0-05). 
The hypertonicity of the extracellular fluid was 
checked by the concurrent loss of water from the 
intracellular fluid phase, which fell from an average 
of 59-3 ml. in control animals to 57-5 ml./100 g. fat- 
free tissue (¢= 2-015, P=0-05). The magnitude of 
this water loss can be best estimated by comparing 
the concentration of water of the intracellular phase 
in the present series of rats with that of normal rats; 
in normal animals, the intracellular water concen- 
tration amounted to 71-2 ml./100 g. but was only 
68-2 ml./100 g. in dehydrated rats (t= 4-225, 
P<0-001). The concentration of intracellular potas- 
sium followed that of water and decreased from 
97-2 to 87-3 m-equiv./kg. muscle (Table 2). It is 
thus likely that while the extracellular fluid phase 
constituted the first line of defence against dehy- 
dration, intracellular water must have been made 
available to avoid an increase in the ionic concen- 
tration of the body fluid which would have been 
fatal to the animal. 

The extent of the state of dehydration in this 
series of rats could be indirectly assessed by 
observing the amount of water needed to induce 
a water diuresis. Table 4 shows that in a series of 
12 rats, which had been dehydrated for 6 days, the 
administration of 5% of their body weight of water 
failed to produce a water diuresis. Three hours later 
a second administration of the same amount of 
water also failed. A third administration of the 
standard amount of water, however, produced a 
moderate urinary excretion. 

This finding led to the question: Was all that 
water (15% of their body weight) used to reduce 
the increased osmotic pressure of the body fluids, 
or was its retention in the tissues partly the result 
of the failure of the kidneys to excrete it? In the 
following experiment a group of six rats, each 
weighing about 200 g., was kept in a metabolism 
cage for 6 days. During the first 5 days they were 
given dry food but no water; on the sixth day food 
was withheld but water allowed. During the first 
24 hr. of observation, they ate an average of 19-0 g. 
of dry food/rat; on the second day, the average 
quantity of food eaten amounted to 6-5 g. only; 
from then on, all the animals refused to eat 
(Table 6). The urine was collected daily. Table 6 
shows the average volume of urine excreted/24 hr./ 
animal, its specific gravity and the concentration of 
chloride, sodium and potassium; it gives also the 
average amount of water drunk/rat during the last 
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24 hr. In spite of an average amount of 21-0 ml. 
being drunk (representing 13 % of the body weight) 
the average urinary volume excreted did not exceed 
3-5 ml., i.e. 2-1% of the body weight (Table 6). 
Furthermore, there were no signs of increased 
excretion of chloride, sodium or potassium. The 
sudden increase of the average body weight indi- 
cated clearly that most of the water drunk had been 
retained by the tissues (Table 6). When killed, a 
gross post-mortem examination showed that the 
intestinal tract was oedematous, and that the 
muscles and liver were abnormally ‘wet’. 

Further investigations showed that the plasma 
water content and plasma protein concentration 
were normal (Table 2), but that the plasma concen- 
tration of chloride and of sodium were significantly 
decreased when compared with normal (¢= 2-060, 
P<0-05 and t=2-988, P<0-01), while the plasma 
concentration of potassium had returned to normal 
values (Table 2). 

The total water content of liver and of muscle 
was markedly increased and exceeded significantly 
that ofnormal rats (t= 5-164, P< 0-001 and t= 6-533, 
P<0-001). Examining the partition of the water in 
muscle, it could be shown (Table 2) that the increase 
of the total muscle water was mainly the result of 
an increase of its extracellular fluid phase. The intra- 
cellular fluid phase, however, remained comparable 
to that of dehydrated animals, though its concen- 
tration of water returned to normal values (Table 2). 
It can thus be concluded that the increased osmotic 
pressure of the body fluid in dehydrated rats was 
not the only factor opposing further loss of body 
water; when these animals were allowed water, the 
amount of water drunk exceeded that required to 
bring the enhanced ionic concentration back to 
normal values. As this excess of water load was not 
excreted by the kidneys it resulted in a marked 
tissue oedema. It is, therefore, likely that during 
dehydration of animals the renal mechanism of water 
excretion intervenes directly or indirectly in -the 
preservation of body water. 


DISCUSSION 


In the two series of rats investigated, those which 
were starved but had ample supplies of water, and 
those allowed a dry diet but no water, the first 
developed an early tissue oedema, the others did 
not. Though some food was eaten during the 2 first 
days, the rats of the second series soon refused 
to eat and starved for the last 3-4 days of the 
experiment. It may, therefore, be assumed that 
both series suffered from a comparable degree of 
starvation, but that they differed in that one was 
allowed access to water and the other not. 
According to accepted theories, the mechanism of 
water preservation in dehydrated animals can be 
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represented as follows. At the beginning, the extra- 
cellular fluid phase is kept normal by transfer of 
water made available from the intracellular phase, 
where it has been released by the consumption of 
protoplasm incidental to fasting (Gamble, 1947). 
This shift of water to the extracellular fluid phase is 
accompanied by an extrusion of the intracellular 
base, potassium (Elkinton & Winkler, 1944; Heller, 
1949). As the dehydration proceeds, water is 
drained from the extracellular fluid phase, with the 
result that the latter tends to become hypertonic 
(Elkinton & Taffel, 1942; Winkler, Elkinton, 
Hopper & Hoff, 1944). This in turn produces more 
transfer of water from the intracellular into the 
extracellular fluid phase. The maintenance of the 
extracellular fluid phase, within limits compatible 
with the survival of the organism, is thus ultimately 
provided at the expense of the intracellular phase 
(Table 2). This interpretation, derived from the 
estimation of body fluid lost, and calculated from 
changes in body weight and from the urinary 
excretion of sodium, potassium and nitrogen, is 
based entirely on the assumption that the renal 
function remains normal. 

It has repeatedly been demonstrated that during 
advanced dehydration there is a functional renal 
failure (see McCance, 1936) leading to retention of 
crystalloids. The results of the present series of 
experiments show that dehydration in rats pro- 
duced ultimately a retention of urea, potassium, 
chloride and sodium in the blood, suggesting im- 
pairment of renal function. Furthermore, Gilman & 
Goodman (1937) have shown that the urine of 
dehydrated rats contains significant amounts of an 
antidiuretic substance, which they assumed to be 
similar to ‘vasopressin’. It seems likely, therefore, 
that the attempt to explain the shifts of water 
during dehydration by a purely physical mechanism, 
like osmotic pressure, omits one important factor, 
viz. the influence of the kidney. 

This hypothesis of a renal intervention is sup- 
ported by the results of the present experiments 
where water was allowed to rats which had been 
so deprived for 5 days. Adolph (1947) claimed that, 
when water was again offered to rats which had 
been entirely deprived of it for several days, only 
a ‘small excess’ of water was ingested. In contrast 
with these findings it could be shown that the 
amount of water drunk in 24 hr. by rats which had 
been previously dehydrated for 5 days amounted to 
13 % of their body weight. (Controls drink on the 
average 4:5% of their body weight of water in 
24 hr.) The corresponding urinary volume, however, 
amounted only to just over 2 % of their body weight 
as against 5% in normals. The marked discrepancy 
between the amount of water drunk and that of 
urine excreted resulted in a sudden increase of 
body weight of nearly 10% (Table 6). Further- 


more, it could be shown that the total water content 
of the liver and muscle of the test rats exceeded 
significantly that of normal rats, and that there was 
a marked increase of the extracellular fluid of 
muscle, i.e. clear symptoms of tissue oedema 
(Table 2). 

Had the osmotic pressure been the only factor 
responsible for the regulation of the volume of body 
fluid in dehydrated animals, it would be difficult to 
understand why the regulation failed when the rats 
were allowed to drink. Besides the mechanism of 
hypertonicity, there must have been one which 
opposed the renal excretion of the excess water load. 
From the results presented there is evidence that, 
both the rate of glomerular filtration, and that of 
tubular water reabsorption were affected. It was, 
however, outside the scope of this work to deter- 
mine the factor that produced both a decrease of 
the rate of glomerular filtration and an increase of 
that of tubular water reabsorption. 

In contrast with dehydrated animals, rats which 
were starved, but allowed free access to water, 
developed signs of tissue oedema. As early as 3 days 
after the beginning of the experiment, the chloride 
space of muscle was significantly greater than that 
of normal rats (Table 2). The objection might be 
raised that to equate chloride space with extra- 
cellular fluid phase holds only for normal rats, 
where chloride and sodium occupy a comparable 
volume of distribution (Dicker, 1948), and that in 
starved animals there might be changes in the cell 
permeability which would account for changes in 
the chloride distribution. However, the fact that 
chloride occupied a comparable fraction of the 
muscle water in normal and starved rats suggests 
that chloride space can be assumed to give some 
measure of the extracellular fluid phase in muscle. 
It must be remembered, however, that chloride 
space is likely to be somewhat larger than the true 
value of the extracellular space, even in normal 
animals (Fulton, 1947). 

As these rats were deprived of food, it could be 
assumed that the decrease of the intracellular fluid 
phase observed in this series (Table 2) was the result 
of a loss-of water, released from the cells as a conse- 
quence of the degradation of proteins incidental to 
fasting. This loss of intracellular water was ac- 
companied by a loss of cell potassium, which pro- 
ceeded in spite of the fact that these animals could, 
by drinking, maintain an apparently normal state 
of hydration. Furthermore the loss of intracellular 
water seemed to be independent of the amount 
drunk. 

The extracellular fluid phase, on the other hand, 
was not only increased, but the magnitude of the 
increase was directly correlated with the amount of 
water drunk (Table 3). This suggests at once a 
failure in the regulation of water excretion in these 
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rats, as is also indicated by the following facts: 
(a) the urinary volume did not bear any relation to 
the amount of water drunk; (b) in spite of the fact 
that water was freely obtainable, the specific 
gravity of the urines remained much higher than in 
normal rats which had free access to food and water; 
(c) following the administration of a standard 
amount of water, the onset of urinary excretion was 
delayed and its total volume diminished. 

Comparing the results obtained in starved rats 
having free access to water with those in rats with- 
out water the following conclusions could be reached : 
(a) prolonged starvation, up to 6 days, leads to tissue 
oedema when water is drunk; (b) in starved animals, 
allowed free access to water, there is a direct relation 
between the amount of water drunk and the magni- 
tude of the extracellular fluid phase, expressed in 
terms of chloride space; (c) the onset of tissue oedema 
in starved rats with access to water does not bear 
any relation to the plasma protein concentration, 
and seems mainly to be the result of a failure in the 
mechanism of water excretion. 


SUMMARY 


1. Total water content of plasma, muscle and 
liver and the chloride and the sodium space of 
muscle were estimated in two series of rats: (a) those 
kept for 3 or 6 days without food but with free access 
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to water ; (b) those allowed dry food but no water for 
6 days. 

2. Group (a) developed an early tissue oedema, 
and after only 3 days the extracellular fluid phase 
of their muscle, expressed in terms of chloride space, 
was significantly increased. When water equal to 
5% of their body weight was administered, the 
onset of the water diuresis was delayed, and the 
volume of urine excreted in 2 hr. was lower than in 
normal rats. 

3. Rats allowed a dry diet but no water for 
6 days (group (b)) showed retention of chloride, 
sodium, potassium and urea in the plasma, ac- 
companied by a decrease of the intracellular and 
the extracellular fluid phase of the muscles. Ad- 
ministration of water (as above) failed to produce 
a water diuresis. When offered water ad lib. after 
5 days of water deprivation, an amount equal to 
13% of their body weight was drunk and the 
animals developed tissue oedema; the total water 
content of the liver and muscle was significantly 
increased over that of normal animals, and so was 
the extracellular fluid phase of muscle. The plasma 
protein concentration, however, remained normal. 


The expenses of this investigation were partly defrayed 
by a grant from the Colston Research Committee, whose 
help is gratefully acknowledged. The author expresses his 
appreciation of the technical assistance of Miss P. A. 
Ashby. 
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Colorimetric Determination of Potassium 
by Folin-Ciocalteu Phenol Reagent 


By M. A. M. ABUL-FADL, Postgraduate Medical School, London, W.12 


(Received 29 July 1948) 


A method for the colorimetric estimation of 
manganese by reduction of the phosphomolybdic- 
phosphotungstic acid phenol reagent has been 
described (Abul-Fadl, 1948). Cobalt was also found 
to give a similar colour reaction in the presence (but 
not in the absence) of amino-acids. Conversion of 
cobalt into the cobaltinitrite did not affect its 
response to this reaction. 

As methods for the estimation of potassium in 
biological fluids depend on precipitation as cobalti- 
nitrite, and subsequent estimation of one of the 
constituents of the precipitate, it was thought that 
this colour reaction might be useful in this con- 
nexion. 

Amongst colour reactions hitherto used for the 
microdetermination of potassium are those of 
Doisy & Bell (see Briggs, 1923), and of Looney & 
Dyer (1942). Both reactions are based on the 
formation of an azo compound by the nitrite 
radicals of cobaltinitrite. Theoretically, those 
methods which determine directly a stable con- 
stituent of the precipitate, e.g. cobalt, are preferable 
to those which depend upon the unstable nitrite 
radical. Breh & Gaebler (1930) described a method 
in which cobalt is determined as the thiocyanate. 
This method involves the precipitation of potas- 
sium as the silver cobaltinitrite complex which 
is more sparingly soluble than the customary 
K,NaCo(NO,),. The method is, however, more 
troublesome to execute and the colour reaction 
involved is not entirely satisfactory, since it 
depends upon such factors as temperature, ethanol 
concentration, etc. Jacobs & Hoffman (1931) 
introduced a reaction between alkaline ferro- 
cyanide and cobalt compounds in the presence of 
choline hydrochloride, which gives a stable green 
colour. 


EXPERIMENTAL 


Solutions 


Sodium cobaltinitrite reagent (Kramer & Tisdall, 1921). 
As described by King (1947). 

Standard potassium solution. K,SO, (0-2228 g. A.R.) is 
dissolved in 500 ml. of water, giving a solution which con- 
tains 20 mg. K/100 ml. 

Glycine (1M). 17-5 g./100 ml. water. The solution is 
filtered and preserved with a few drops of chloroform. 


Sodium carbonate solution (25% w/v). Anhydrous 
Na,CO, (25 g.) is dissolved in. warm water and made to 
100 ml. This solution is kept in a warm place. 

Phenol reagent of Folin & Ciocalteu (1927). For method of 
preparation see King (1947). This reagent is diluted for use 
(1 vol. reagent +2 vols. water). 


Method 


Principle. Alkaline solutions of cobalt salts, in presence 
of a trace of amino-acid (glycine or alanine), reduce the 
phosphomolybdic-phosphotungstic acid phenol reagent toa 
blue colour, the intensity of which is directly proportional 
to the amount of cobalt present, and hence, if potassium 
has been precipitated as cobaltinitrite, to the amount of 
potassium in the original solution. 

Procedure. The precipitation of potassium from serum is 
carried out in principle according to the method of Kramer 
& Tisdall (1921) as adapted by King (1947). In a 15 ml. 
conical centrifuge tube, marked at 6 ml., is placed 0-2 ml. of 
serum. 

In a similar tube is placed 0-2 ml. of standard potassium 
solution (containing 20 mg. K/100 ml.). To each tube is 
slowly added 0-5 ml. of filtered sodium cobaltinitrite re- 
agent with constant shaking. After 45 min. 1 ml. of water 


is added, and the contents are mixed and centrifuged at ~ 


moderate speed for 15 min. The tubes are then inverted and 
briefly drained on filter paper; 2 ml. of water are added 
down the side of each tube without disturbing the pre- 
cipitate. The tubes are again centrifuged for 5 min., in- 
verted and thoroughly drained. The precipitates are 
washed with 5 ml. 70% ethanol, which is blown into the 
tubes so as to stir up the precipitates. After centrifuging 
and draining thoroughly, 2 ml. of water are added to each 
tube, and the tubes placed in a boiling water bath until 
dissolution is complete. A third tube containing 2 ml. 
distilled water is used as a blank. 

To each of the three tubes, while still hot, 1 ml. glycine 
solution (7-5%) and 1 ml. Na,CO, solution (25%) are 
added and thoroughly mixed. 1 ml. diluted Folin-Ciocalteu 
phenol reagent is then added to each, the contents are 
mixed again, and the tubes are allowed to stand in a water 
bath at 37° for 10-15 min. After cooling to room tempera- 
ture the volume is accurately adjusted to 6 ml. in each tube, 
and the colours are read in a photoelectric colorimeter, 
using a red filter and setting the zero with the blank. The 
colours are stable for several hours. 






RESULTS 


The effect of glycine on the blue colour reaction is 
shown in Fig. 1. Reduction of the phosphotungstic- 
phosphomolybdic acids by cobalt salts could not 
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be effected in the absence of amino-acids. As little 
as 0-005 m-glycine is enough to develop the colour 
reaction in solutions containing 0-01 mg. Co. The 
colour, however, is rapidly and optimally obtained 
in the presence of 0-2—0-5 m-glycine. Higher con- 
centrations, on the other hand, reduce the colour 
intensity. Other amino-acids are also effective, 
although those of higher molecular weight than 
alanine give with the phenol reagent in the absence 
of cobalt blue colour reactions, the intensity of 
which increases with the rise in their molecular 
weight. 


Colour intensity [E] 





0 01 O02 03 04 O05 06 O07 O08 


Glycine (™) 
Fig. 1. Effect of glycine concentration on blue colour 
development in the estimation of 55 yg. K as cobalti- 
nitrite by Folin-Ciocalteu reagent. 
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Fig. 2. Rate of Folin-Ciocalteu blue colour development 


at room temperature. 50 yg. K in 0-2M-glycine. 


Fig. 2 shows the rate of the blue colour develop- 
ment at room temperature in 0-2 M-glycine. The 
colour attains its maximum intensity in about 
15-20 min. at room temperature, but much more 
rapidly at 37°. The blue colour, however, once 
formed, is stable for several hours and only starts 
to fade very slowly after 24 hr. 

A strict correlation between the intensity of the 
blue colour and the quantity of potassium present 
as cobaltinitrite complex is shown in Fig. 3. The 
relative intensities of the blue colour obtained by 
the new method and of the green colour of the 
choline-ferrocyanide are shown on the same figure. 
It is evident that the new colour reaction provides 
an accurate and more sensitive method for esti- 
mation of potassium. 
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This is further illustrated in Tables 1 and 2 which 
give results of potassium determinations in normal 
and pathological sera by the new method, by that 
of Jacobs & Hoffman (1931) and by the flame 
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Fig. 3. Colorimetric estimation of potassium in 0-5 ml. 
potassium sulphate standard solutions by the new 
(Folin-Ciocalteu) method and by that of Jacobs & 
Hoffman (1931). The colour intensities were measured in 
a Hilger Spekker absorptiometer. Folin-Ciocalteu 
blue colour (Ilford spectrum red filter, no. 608); —-—--— 
choline-ferrocyanide green colour (Ilford spectrum 
orange filter, no. 607). 


photometer (cf. Klyne, 1948). Table 3 gives the 
results of analyses carried out by the new method 
and by the flame photometer on a serum to which 
known amounts of potassium had been added. 





DISCUSSION 


The method described above suffers from the dis- 
advantage, common to all other methods involving 
the indirect estimation of potassium by precipita- 
tion in different complex forms and estimating some 
constituent other than potassium, viz. that the 
complex may vary in composition according to 
conditions of precipitation. These methods, how- 
ever, are still in general use; although the flame 
photometric methods may take their place (Barnes, 
Richardson, Berry & Hood, 1945; Hald, 1947; 
Domingo, Klyne & Weedon, 1948; Klyne, 1948). 
The method, nevertheless, offers a simple and 
accurate means for the micro-estimation of potas- 
sium in biological fluids. The determination has 
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Table 1. Determination of serum potassium by different methods 
Results 
ee 
Folin-Ciocalteu method Jacobs & Hoffman method 
Serum 
- ‘ —— Photometric Found Photometric Found 
Sample Vol. taken readings* (mg. K/100 ml. —readings* (mg. K/100 ml. 
no. Diagnosis (ml.) (Z) serum) (2) serum) 

1 Normal 0-2 0-270 20-0 a= —- 
0-2 0-265 19-7 _ = 

0-5 0-685 20-3 0-175 20-0 

0-5 0-690 20-4 0-180 20-3 

2 Normal 0-2 0-245 18-0 -— — 
j 0-5 _— _— 0-160 18-2 

3 Acute nephritis 0-2 0-400 29-6 + — 
0-5 1-000 29-4 0-258 29-4 

0-5 —_— — 0-265 30-2 

4 Periarteritis nodosa 0-2 0-370 27-5 — — 
0-2 0-375 27-7 > — 
0-5 0-950 27-9 0-247 27-5 

0-5 0-960 28-2 — — 

5 Alkalosis 0-2 0-310 22-8 -- — 
0-2 0-310 22-8 — — 
0-5 — ~- 0-205 22-8 

6 Acute nephritis 0-2 0-295 21-9 — — 
0-2 0-300 22-2 — — 

0-5 0-770 22-6 0-190 21-1 

0-5 0-760 22-4 — — 

7 Arthritis 0-2 0-300 22-2 — — 
0-2 0-295 21-8 — <= 

0-5 0-740 21-8 0-200 22-2 

0-5 0-750 22-1 — 

8 Addison’s disease 0-2 0-255 19-0 — — 
0-2 0-260 19-2 — = 

0-5 0-660 19-4 0-170 19-4 

9 Meningitis 0-2 0-275 20-5 — — 
0-2 0-280 20-7 — — 

0-5 0-700 20-6 0-190 21-1 

0-5 0-708 20-8 — — 

10 Nephritis 0-2 0-290 21-5 — comes 
0-5 0-730 21-4 0-187 21-0 

11 Alkalosis 0-2 0-270 20-0 -— — 
0-2 0-270 20-0 0-175 19-7 

12 Nephritis 0-2 0-250 18-5 -— — 
0-5 0-610 17-8 0-150 17-3 


* Tiford tricolour red light filter. 


Table 2. Determination of potassium in normal sera 
by the new Folin-Ciocalteu method and the flame 


photometer 


No. of specimens examined 22 
K (mg./100 ml.) 
Average value by new method 17-6 
Range 15-5-21-0 
Average value by flame photometer 17-7 
Range 15-3-21-4 
Xoot mean square difference between the 
1-7 


two methods 
been conveniently carried out on 0-2 ml. of serum 
instead of 0-5 ml., the minimum required for Jacobs 
& Hoffman’s (1931) method. It has been success- 
fully applied to routine work. 


Table 3. Recoveries of potassium 
added to normal serum 


Potassium added Total potassium found (mg./100 ml.) 
to serum 
(mg./100 ml.) 


New method* Flame photometer{ 


0 19-5 19-7 
19-0 

5 25-7 24-1 
24-9 

10 32-0 29-0 
30-0 

15 34-2 34-9 
34-2 

20 39-0 39-7 
- 40-0 


* 0-2 ml. serum used. f 1-0 ml. serum used. 
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SUMMARY 


1. Amicromethod is described for the estimation 
of potassium in sera and biological fluids. 

2. The method depends on the precipitation of 
potassium as cobaltinitrite, and the colorimetric 
estimation of the cobalt in the latter by the re- 
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duction of the Folin-Ciocalteu phosphomolybdic- 
phosphotungstic phenol reagent. 


The author is indebted to Prof. E. J. King for his 
invaluable advice and encouragement,-to Prof. R. H. A. 
Plimmer for his kind interest and for applying the method 
in routine work, and to Dr W. Klyne and Mr R. A. Brennan 
for carrying out determinations on the flame photometer. 
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The Nicotinamide-Saving Action of Tryptophan and the Biosynthesis 
of Nicotinamide by the Intestinal Flora of the Rat 


By P. ELLINGER anp M. M. ABDEL KADER, Lister Institute of Preventive Medicine, London* 


(Received 19 May 1948) 


Tryptophan can replace nicotinamide in the diet of 
the rat (Krehl, Sarma, Teply & Elvehjem, 1946; 
Singal, Sydenstricker & Littlejohn, 1947a), the dog 
(Singal, Sydenstricker & Littlejohn, 19476), the pig 
(Luecke, McMillen, Thorp & Tull, 1947) and the 
rabbit (Wooley, 1947). It increases the urinary 
elimination of nicotinamide metabolites in man 
(Perlzweig, Rosen, Levitas & Robinson, 1947; 
Sarett & Goldsmith, 1947), dog (Singal et al. 19475), 
rat (Rosen, Huff & Perlzweig, 1946; Singal, Briggs, 
Sydenstricker & Littlejohn, 1946; Schweigert & 
Pearson, 1947), mouse (Schweigert & Pearson, 1947), 
cotton rat (Schweigert, Pearson & Wilkening, 1947) 
and horse (Schweigert et al. 1947). The mechanism 
of the replacement of nicotinamide by tryptophan 
is obscure. The fact that tryptophan increases the 
elimination of nicotinamide metabolites favours the 
conception of a direct conversion. However, kynu- 
renic acid (Ellinger, 1904), kynurenine (Kotake, 
1931) and xanthurenic acid (Lepkowsky, Roboz & 
Haagen-Smit, 1943) are the only known end pro- 
ducts of tryptophan metabolism in mammals. 
Kynurenic acid has been shown unable to replace 
nicotinamide (Rosen, Huff & Perlzweig, 1947) and 
being an «-substituted pyridine derivative cannot 
be directly converted into nicotinic acid. Kynu- 
renine and xanthurenic acid are found in the urine 
* Some of the results presented in this paper have been 
briefly reported (Ellinger & Abdel Kader, 1947, 1948). 


of mammals mainly in pyridoxin deficiency. Beadle, 
Mitchell & Nyc (1947) believe they have shown that 
nicotinic acid can be formed from kynurenine by a 
mutant strain of Neurospora. Biosynthesis of nico- 
tinamide is known to occur in numerous mammals 
and might take place either in the mammalian 
tissues or in the intestinal tract by the activity of 
the intestinal flora. It is of interest to study the 
mechanism of the tryptophan conversion, to find 
out whether the intestinal bacteria are involved in 
this phenomenon, and if so to find the way in which 
the conversion takes place. Participation of the in- 
testinal flora is indicated by the work of Schweigert 
& Pearson (1947), who showed that the increase 
of nicotinamide methochloride elimination is more 
marked after oral than after parenteral administra- 
tion of tryptophan to rats. 

Biosynthesis of trigonelline in plants (Trigonella 
foenum graecum) is stimulated by administration of 
ornithine, arginine, proline or glutamic acid and 
further increased by hexamethylene tetramine 
(Klein & Linser, 1932, 1933a, 6). It is possible that 
one of the above amino-acids might be an inter- 
mediate between tryptophan and nicotinamide. 
Possible pathways from ornithine to nicotinic acid 
have been suggested by Klein & Linser (1932) and 
by Guggenheim (1940). In the present paper the 
role of the intestinal flora in the conversion of trypto- 
phan into nicotinamide was studied in rats in vivo; 
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in vitro experiments were carried out to study the 
biosynthesis of nicotinamide by intestinal bacteria 
of the rat from various possible precursors. 





EXPERIMENTAL 


In vivo experiments 


Twelve rats of both sexes and two strains (hooded of the 
Lister stock and albino, own stock of P.E.) of 200-250 g. 
were kept on a mixed diet (Ellinger, Fraenkel & Abdel 
Kader, 1947). They were placed in metabolism cages and 
24hr. samples of urine were assayed for nicotinamide 
methochloride at first by the method of Coulson, Ellinger 
& Holden (1944) and later by that of Huff & Perlzweig 
(1947). When the nicotinamide methochloride output was 
found to be constant, each rat was given three doses of 
100 mg. of pL-tryptophan at intervals of 3 or 4 days, 
alternately orally and parenterally, starting with either 
oral or parenteral administration. Parenterally admini- 
stered doses were injected intraperitoneally, and those 
given orally were ingested from a syringe by stomach tube. 
The 24hr. nicotinamide methochloride elimination was 
measured. Another two groups of four rats each of both 
strains were kept on a similar diet, and the daily nicotin- 
amide methochloride elimination was measured before and 
after oral administration of 100 mg. of pL-tryptophan. 
They were then given 1 g. succinylsulphathiazole with the 
usual diet. The 24 hr. nicotinamide methochloride output 
was measured again for 3 days, then pDL-tryptophan 
(0-1 g.) was given by mouth and the nicotinamide metho- 
chloride elimination was again assayed. Three other hooded 
rats whose nicotinamide methochloride response to orally 
administered 100 mg. tryptophan had been examined, 
received with their food 0-1 g. of sulphathiazole instead 
of succinylsulphathiazole daily for 4 days. Tryptophan 
(0-1 g.) was then given again by mouth and the nicotin- 
amide methochloride elimination measured. In three 
hooded rats receiving succinylsulphathiazole and those 
receiving sulphathiazole the concentration of total and free 
sulphathiazole in blood was measured by the method of 
Bratton & Marshall (1939) on the day tryptophan was 
administered. For this purpose 0-5 ml. of blood was with- 
drawn by heart puncture. Other rats of 250-300 g. body 
weight similarly fed were given orally and parenterally single 
doses of L-ornithine (0-2 g.), L-proline (0-2 g.) and 4-amino- 
valeric acid (0-5 g.) and the daily nicotinamide metho- 
chloride output was measured before and after administra- 
tion of these compounds. 


In vitro experiments 


In order to obtain cultures from the intestinal flora, rats 
of the Lister stock which were known to eliminate much 
nicotinamide methochloride were gassed, and the contents 
of their caeca were suspended under sterile conditions in 
10 ml. peptone water. Some samples of this suspension 
were dried immediately in an ascorbic acid-gelatin medium 
(Stamp, 1947). Part of the undiluted suspension was 
spread on agar plates which were incubated both aerobic- 
ally and anaerobically for 48 hr. and then examined for 
types of colonies. The types were isolated and subcultured 
aerobically and anaerobically. Part of the suspension was 
treated similarly after heating to 65° for 40 min. to examine 
for spore bearers. Part of the suspension, diluted 100 times 
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in peptone water, was used to inoculate tubes containing 
10 ml. of ammonium lactate (Fildes, 1938) or casein hydro- 
lysate (Barton-Wright, 1944) media. Amino-acids to be 
tested were added forthese media. Afterincubation at 37° for 
24 hr. the cultures were autoclaved, and the acid produced 
was titrated with 0-1N-NaOH using cresol red or bromo- 
thymol blue asexternal indicators. The nicotinamide formed 
was assayed by the method of Barton-Wright (1944). Ina 
similar way tubes, containing either ammonium lactate or 
casein hydrolysate media, were incubated with all non- 
coliform bacteria isolated from the mixed cultures. The 
bacteria were grown for 24 hr. alone, the contents of the 
tubes were sterilized by filtration or autoclaving, then in- 
oculated with Bacterium coli (Escherichia coli), incubated 
again for 24 hr. and assayed as before. In other experiments 
Bact. coli were added simultaneously with the non-coliform 
bacteria, incubated and examined for acid and nicotin- 
amide formation. 

The following compounds were tested: L-ornithine, L- 
arginine, pL-glutamine, pi-glutamic acid, L-citrulline, L- 
proline, t-leucine, L-isoleucine, pi-valine, DL-tryptophan, 
4-aminovaleric acid, pL-methionine, choline and hexa- 
methylenetetramine. The last three compounds were also 
examined in combination with ornithine. 

The following bacteria were isolated and tested: four 
strains of Bact. coli, two strains of non-lactose-fermenting 
coliform bacteria, seven strains of Streptococcus faecalis, 
two strains of Strep. mitis, one strain of Staphylococcus 
albus, one strain of Lactobacillus acidophilus, fifteen un- 
identified strains of Gram-positive cocci and diplococci, 
Gram-negative ovalcocci and Gram-positive bacilli, some 
of them spore bearers. 

To investigate whether the ability to form nicotinamide 
from ornithine depends on the intact structure of the 
bacterial cell, Bact. coli grown on agar slopes were washed 
off with saline and mechanically disintegrated by the 
method of Curran & Evans (1942). The supernatant fluid was 
removed in the centrifuge, the residue washed three times 
with saline, suspended in an ammonium lactate medium 
and used for incubation with ornithine. In some experi- 
ments 0-001 N- and 0-0001 N-NaCN was added. The effect of 
pH on nicotinamide formation from ornithine by disin- 
tegrated Bact. coli cells was studied by varying the pH of 
phosphate buffers added to the ammonium lactate medium 
from 7-4 to 5-5. To examine whether the nicotinamide com- 
pound synthesized by Bact. coli was nicotinic acid or nico- 
tinamide, an assay was carried out with a strain of Leuco- 
nostoc mesenteroides (A.T.C.C. no. 9135) by the method of 
Johnson (1945), in addition to the method using Lacto- 
bacillus arabinosus which does not distinguish between 
these two compounds. The strain of Leuconostoc mesenter- 
oides, kindly supplied by Dr B. C. Johnson of the University 
of Illinois, proved to be much more sensitive to nicotinic 
acid than to nicotinamide. 


RESULTS 
Experiments on rats 


From Table 1 it is evident that tryptophan ad- 
ministration causes a rise of urinary nicotinamide 
methochloride elimination in albino and hooded 
rats. This rise is markedly greater after oral than 
after parenteral administration. 
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Table 1. Average rise in urinary nicotinamide methochloride elimination after oral and 
intraperitoneal administration of Du-tryptophan to two strains of rats 


(pt-Tryptophan (100 mg.) administered to each rat. NM=nicotinamide methochloride. Figures in brackets give the 


range of values for individual rats.) 


Average daily 
NM elimination on 
3 predosing days 


(ug-/day) Oral* 
(Av. of 6) (Av. of 3) 

Strain: Albino 186 197 
(87-281) (109-297) 

Hooded 768 346 
(579-1081) (129-525) 


* Beginning with oral administration. 


Rise in NM elimination after tryptophan administration (yg.) 
"———.—--_-_ 





= 
Parenteral Oral Parenteralt 
(Av. of 6) (Av. of 6) (Av. of 3) 
77 206 76 
(57-105) (129-316) (67-81) 
121 323 124 
(89-138) (241-393) (115-132) 


+ Beginning with parenteral administration. 


Table 2. Effect of succinylsulphathiazole on the increase of urinary nicotinamide methochloride 
elimination following oral administration of tryptophan 


(pL-Tryptophan (100 mg.) administered to each rat. NM=nicotinamide methochloride. Figures in brackets give the 


range of values for individual rats.) 


Before succinylsulphathiazole 


administration 


Average daily 
NM output on 


Increase of 
NM output on 


During succinylsulphathiazole 
administration 
—A — 
Increase of 


Average 
NM output on 


NM output on 


No. of 3 predosing days giving tryptophan 3 predosing days giving tryptophan 
Strain animals (ug./24 hr.) (ug-) (ug./24 hr.) (ug) 
Albino 3 209 253 41 66 
(130-320) (210-280) (17-81) (41-96) 
Hooded 3 901 508 144 87 
(710-1017) (427-602) (89-212) (28-146) 


The rise in urinary nicotinamide methochloride 
output caused by tryptophan (Table 2) is distinctly 
diminished when the basic nicotinamide metho- 
chloride elimination is reduced by feeding succinyl- 
sulphathiazole to albino or hooded rats. There is, 
however, one other experiment with one albino and 
one hooded rat in which the basic nicotinamide 
methochloride elimination is not markedly affected 
by succinylsulphathiazole. In this experiment 
the extra nicotinamide methochloride elimination 
caused by tryptophan was the same as before 
the succinylsulphathiazole administration. The ad- 
ministration of sulphathiazole as opposed to that of 
the succinyl compound did not markedly affect the 
increase in nicotinamide methochloride elimination. 
The concentration of total and free drug in the 
blood after administration of 1 g./day of succiny]l- 
sulphathiazole was as follows (average of 3): total, 
7-5 pg./ml.; free, 5-8 yg./ml.; after feeding of 
0-1 g./day of sulphathiazole the respective figures 
were: total, 52-0 ug./ml.; free, 47-3 wg./ml. 

When t-ornithine (0-2 g.) or L-proline (0-2 g.) was 
given to rats of both strains orally or parenterally 
no increase in urinary nicotinamide methochloride 
elimination was observed. The same negative result 
was obtained after administration by both routes 
of 4-aminovaleric acid (0-5 g.) to rats of both strains. 


Experiments on bacteria 


Effect of tryptophan. Addition of tryptophan to 
casein hydrolysate (Barton-Wright, 1944) or am- 
monium lactate media (Fildes, 1938) in concentra- 
tions of 0-004—0-0001 m markedly increased growth 
and acid production of two pure Bact. coli strains 
isolated from human faeces (Table 3). The 
maximum effect was observed in concentrations of 
0-0006-0-0001m. The production of nicotinamide/ 
unit growth, however, was not affected. In pure 
cultures of Strep. faecalis (Table 4) growth and acid. 
production were stimulated by tryptophan in con- 
centrations of 0-002-0-004M, and the disappearance 
of nicotinamide observed at lower concentrations 
came to an end at tryptophan concentrations 
> 0-001 m. 

When various Proteus strains were incubated 
aerobically in the ammonium lactate medium in 
the presence of Dui-tryptophan, pigments were 
formed varying in hue from light yellow to dark 
brown according to the type of organism (Proteus 
morgant 111, Proteus vulgaris 401, 3156, 5887) (all 
N.C.T.C.) and increasing in intensity with increasing 
concentrations of tryptophan. To examine these 
pigments Proteus morgani 111 was incubated aero- 
bically at 37° in large flat bottles in ammonium 
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Table 3. Effect of tryptophan on growth, acid production and nicotinamide formation 
by Bact. coli 2 and 4 in Barton-Wright and ammonium lactate media 


Ammonium lactate 





Medium Barton-Wright 
ceo 7 OO 
Nicotinamide Nicotinamide 
Acid formed/unit acid Acid formed/unit acid 
Tryptophan Growth formed/ml. —————*————_,__ Growth _formed/ml. —— on 
concentration (arbitrary (ml. 0-1N- (% of (arbitrary (ml. 0-1N- (% of 
Organism (m) units) NaOH) (pg./ml.) control) units) NaOH) (wg./ml.) control)* 
Bact. coli 2 0 ++ 0-075 0-074 100 ++ 0-068 0-067 100 
10-4 ++ 0-078 0-082 105 ++ 0-072 0-070 100 
2x 10-4 ++ 0-077 0-080 104 +++ 0-080 0-084 106 
4x10-¢ +++ 0-083 0-082 99 +++ 0-082 0-085 104 
5-8 x 10-4 +++ 0-084 0-080 95 +++ 0-081 0-085 106 
10-* ++tt+ 0-094 0-095 100 ++t+ 0-115 0-115 100 
2x10-3 +++ 0-084 0-080 95 +++ 0-085 0-078 93 
2-7 x 10-8 ++ 0-073 0-075 102 ++ 0-070 0-064 93 
4x10 ++ 0-072 0-070 97 ++ 0-065 0-060 94 
Bact. coli 4 0 + 0-033 0-050 100 + 0-030 0-045 100 
10-4 + 0-040 0-055 91 + 0-036 0-050 91 
2x10-4 + 0-042 0-060 95 + 0-044 0-060 90 
4x10-4 ++ 0-045 0-064 94 ++ 0-044 0-062 93 
5-8 x 10-4 ++ 0-058 0-078 90 ++ 0-055 0-080 97 
10-3 ++ 0-045 0-065 96 ++ 0-042 0-059 93 
2x10-3 - 0-040 0-060 100 + 0-036 0-050 91 
2-7 x 10-3 + 0-036 0-050 92 + 0-035 0-048 90 
4x10-% + 0-030 0-045 100 - 0-030 0-041 90 


* In Tables 3, 5, 6, 7, 9, 10, 11 and 12 the values for nicotinamide formed/unit growth (percentage of control) are obtained 
by dividing the values for nicotinamide formed/ml. medium by the values for the acid produced/ml. The values thus ob- 
tained for a tested substance are divided by those obtained for the control and multiplied by 100. 


Table 4. Effect of tryptophan on growth, acid pro- 
duction and nicotinamide formation by Strepto- 
coccus faecalis in a casein hydrolysate medium 
containing nicotinic acid 


Acid 
production/ Nicotin- 
Concentration Growth ml. medium amide 
oftryptophan (arbitrary (ml. 0-1N- formed 
(mM) units) NaOH) (ug-/ml.) 
0 +++ 0-27 0 
10-4 ++ 0-24 — 0-005 
2x10 ++ 0-25 — 0-005 
4x10-4 ++ 0-25 — 0-003 
6 x 10-4 ++ 0-25 — 0-003 
10-3 +++ 0-28 0 
2x10-% ++++ 0-304 0 
3-3 x 10-3 ++++ 0-304 0 
4x10-% ++++ 0-314 0 


lactate containing 0-02M-pL-tryptophan for 48 hr. 
The medium, which had turned dark brown during 
incubation, was acidified with HCl to a final con- 
centration of about 0-4% (w/v). Part of the pig- 
ment precipitated and was filtered off (A). The 
filtrate was extracted with ether until the extract 
was colourless. The ether was dried with Na,SO, 
and evaporated, the residue forming an amorphous 
orange powder (B). The ether-extracted aqueous 
solution was then exhaustively extracted with iso- 
butanol. The extract was dried with Na,SO, and 
the zsobutanol was evaporated to a small volume 


and kept at low temperature. An amorphous dark 
brown precipitate (C) formed which was possibly 
identical with A. Filter-paper chromatography of 
the aqueous medium after incubation revealed the 
presence of two distinct pigments, a yellow band 
with yellowish fluorescence and a brown band with 
pinkish fluorescence. Larger amounts of these 
pigments will have to be produced before more 
details can be given. 

Effects of other compounds. When the synthesis of 
nicotinamide by Bact. coli from amino-acids other 
than tryptophan was tested (Table 5) ornithine was 
found by far the most efficient, whilst some increase 
in nicotinamide formation was shown by arginine 
and glutamine. None of these three amino-acids 
markedly increased growth or acid production of 
the» bacteria. None of the other amino-acids 
affected nicotinamide formation to a marked degree. 
The optimal concentration of ornithine was between 
6x 10-* and 1x10-°m. The increase in nicotin- 
amide formation per unit growth as compared with 
the control varied from two and a half to fifteen 
times. 

Neither methionine nor choline (Table 6) affected 
the nicotinamide synthesis by Bact. coli. When, 
however, these compounds were added to an 
ammonium lactate medium containing 10-*m orni- 
thine, they caused a marked rise of the nicotin- 
amide formation as compared with that caused by 
ornithine alone. 
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Table 5. Effect of different amino-acids on growth, acid production and nicotinamide formation 
in ammonium lactate medium by Bact. coli 3¢ and 4c 


Organism Bact. coli 3¢ Bact. coli 4 
Acid Nicotinamide Acid Nicotinamide 
Concentration produced/ formed/unit acid produced/ formed/unit acid 
of amino- Growth ml. Growth ml. 
Compound acid (arbitrary (ml. 0-1N- (% of (arbitrary (ml. 0-1N- (% of 
tested (m) units) NaOH) (yg./ml.) control) units) NaOH) (yg./ml.) control) 
None 0 ++ 0-116 0-085 100 +++ 0-147 0-125 100 
L-Ornithine 2x 10-4 ++ 0-119 0-150 173 +++ 0-139 0-150 127 
dihydrochloride 2-5 x 10-* ++ 0-114 0-150 181 +++ 0-139 0-175 148 
5 x 10-4 ++ 0-121 0-175 197 +++ 0-150 0-225 « 177 
10-3 ++ 0-120 0-275 314 +++" 0-150 0-325 254 
2x10-% ++ 0-121 0-240 271 +++ 0-150 0-275 216 
4x10-3 ++ 0-121 0-200 226 +++ 0-150 0-225 177 
L-Arginine 5 x 10-4 ++ 0-121 0-150 170 +++ 0-163 0-175 126 
nitrate 6-6 x 10-4 ++ 0-122 0-150 169 +++ 0-164 0-180 128 
L-Proline 5x10-¢ ++ 0-126 0-090 98 +++4+ 0-171 0-150 101 
6-6 x 10-4 ++ 0-121 0-090 101 ++4+4+ 0-170 0-150 102 
L-Leucine 5x 10-4 +++ 0-141 0-090 88 t+4++ 0-169 0-150 103 
6-6 x 10-4 +++ 0-146 0-100 93 ttt 0-168 0-150 103 
L-Isoleucine 5x10-*# + +++ 0-152 0-100 90 ++++ 0-171 0-150 102 
66x10 ++++ 0-157 0-100 88 t++++ 0-172 0-150 102 
t-Valine 5 x 10-4 +++ 0-141 0-085 82 ++tt+ 0-167 0-125 88 
6-6 x 10-4 +++ 0-143 0-100 96 +++ 0-177 0-125 84 
None 0 ++ 0-103 0-163 100 ++ 0-117 0-140 100 
L-Ornithine 10° ++ 0-100 0-595 342 ++ 0-110 0-520 400 
dihydrochloride 
pL-Glutamine 5x 10-4 ++ 0-113 0-255 172 ++ 0-125 0-210 141 
6-6 x 10-* ++ 0-110 0-270 154 ++ 0-130 0-230 148 
pL-Glutamic acid 5 x 10-4 +++ 0-138 0-185 85 +++ 0-150 0-145 82 
: 6-6 x 10-4 +++ 0-135 0-195 90 +++ 0-145 0-135 76 
E L-Citrulline 5x 10-4 ++ 0-133 0-205 98 +++ 0-153 0-130 71 
f 6-6 x 10-4 ++ 0-130 0-205 99 +++ 0-145 0-130 76 
) None 0 — a -- — ++ 0-061 0-020 100 
l 1-Ornithine 10-3 — — _ _ ++ 0-058 0-300 1542 
dihydrochloride 
4-Aminovaleric 5 x 10-4 — — _— —_— +++ 0-061 0-020 100 
acid 10-3 — — _ — +++ 0-062 0-020 98 
2x 10-3 ~~ +++ 0-059 0-020 102 


Table 6. Effect of choline and methionine alone and in combination with ornithine on growth, acid produtione 


Concentration Acid Nicotinamide 
of choline or Growth produced/ml. formed/unit acid 
methionine (arbitrary medium ; Seen 
Compound tested (mM) units) (ml.0-l1N-NaOH) = (yg./ml.) (% of control) 
: None 0 + 0-056 0-010 100 
| L-Ornithine dihydrochloride (10-*m) 0 + 0-052 0-036 390 
Choline chloride 10-4 + 0-055 0-010 102 
j 2x10-* + 0-057 0-010 98 
5x10-4 + 0-056 0-010 100 
10-% + 0-055 0-010 102 
L-Ornithine dihydrochloride (10-*m) 10-* + 0-051 0-034 270 
+choline chloride 2x10 + 0-052 0-048 524 
5x10-* + 0-051 0-056 615 
lo-* + 0-051 0-040 439 
DL-Methionine hydrochloride 10-4 + 0-054 0-010 104 
, 2x10-* + 0-056 0-010 100 
5x10-4 + 0-057 0-010 98 
10-% + 0-057 0-010 98 
L-Ornithine dihydrochloride (10-*m) 10-4 + 0-054 0-032 334 
+DL-methionine hydrochloride 2x 10-4 + 0-050 0-036 404 
5x 10-4 + 0-053 0-058 613 
10-3 + 0 052 0-048 519 
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Table 7. Effect of hexamethylenetetramine on growth, acid production and nicotinamide formation 
by Bact. coli 4c in ammonium lactate medium 


Concentration 
of hexamethylene- 
tetramine 
Compound tested (mM) 

None 0 

L-Ornithine dihydrochloride (10-*m) 0 
10-5 

3x10-5 
10-* 

3 x 10-4 
10-8 
10-5 

3x10-5 
10-* 

3x10-* 
10° 


Hexamethylenetetramine 


L-Ornithine dihydrochloride (10-*m) 
+hexamethylenetetramine 


Nicotinamide 
Acid formed/unit acid 
Growth produced/ml. 
(arbitrary medium (ug-/ml. (% of 
units) (ml.0-l1N-NaOH) medium) control) 
++ 0-040 0-025 100 
++ 0-048 0-20 695 
+ 0-032 0-02 100 
+ 0-034 0-02 98 
+ 0-033 0-02 100 
= 0-033 0-02 100 
+ 0-033 0-015 75 
+ 0-050 0-185 617 
+ 0-052 0-185 617 
+ 0-052 0-175 564 
+ 0-050 0-170 565 
+ 0-050 0-170 565 


Table 8. Nicotinamide synthesis from ornithine by disintegrated cells of Bact. coli 3¢ and 4c 
in saline and the effect of cyanide on this synthesis 


Concentration 
of L-ornithine Concentration 
dihydrochloride of NaCN 

(M) (Mm) 

0 0 

5 x 10-4 0 

10-3 0 
5x 10-4 10-3 
5x10-4 10-4 


Hexamethylenetetramine (Table 7) in concen- 
trations of 10-5 to 10-* m slightly inhibited growth 
and acid production, and nicotinamide formation 
to a small degree at the highest concentrations 
tested. 

Parallel assays of ammonium lactate media in 
which nicotinamide had been synthesized from 
ornithine by Bact. coli were carried out by the 
method of Barton-Wright (1944) using Lb. arabi- 
nosus and that of Johnson (1945) using Leuconostoc 
mesenteroides. While the former does not distinguish 
between nicotinic acid and nicotinamide, the strain 
used in the latter was much more sensitive to the 
acid than to the amide. In fifty two samples of 
these media in which the Barton-Wright assay had 
revealed a combined nicotinamide and _ nicotinic 
acid content of 0-085-0-325 yg./ml., the Johnson 
assays gave values of less than 0-01 yg./ml., the 
lowest amount measurable by this strain. This 
shows that the compound synthesized was probably 
exclusively nicotinamide. 

Experiments with disintegrated cells. Table 8 shows 
that the formation of nicotinamide from ornithine 
probably does not depend on the intactness of the 
cell, but is completely inhibited by cyanide. In 
spite of the fact that the disintegration was done 
as thoroughly as possible it cannot be excluded that 





Strain 
oS A ~ 
Bact. coli 3c Bact. coli 4c 
Nicotinamide Nicotinamide 
content content 
(vg-/ml.) (ug-/ml.) 
0-043 0-037 
0-060 0-042 
0-085 0-043 
0-043 0-035 
0-045 0-035 


some cells have survived and are responsible for the 
activity of the debris. Examinations with disinte- 
grated cells in saline of pH 7-4—5-0 showed that ° 
nicotinamide formation from ornithine by cell 
debris varied very little in this range of pH. 

Experiments with mixed cultures. When mixed 
cultures from the contents of the rat’s caecum were 
incubated in ammonium lactate medium with either 
ornithine or tryptophan (Table 9) there was in all 
experiments a marked rise of the synthesis of nico- 
tinamide as compared with that of the control. The 
extent of the rise varied, but in each individual case 
the increase with ornithine was higher than that 
with tryptophan. 

In casein hydrolysate medium (Table 10) the 
increase was less marked, and the difference between 
the effects of ornithine and tryptophan was smaller 
than in ammonium lactate medium. 

The formation of nicotinamide from ornithine or 
tryptophan by the mixed cultures was almost the 
same under aerobic and anaerobic conditions 
(Table 11). 

Drying of the mixed cultures (Table 12) affected 
to some extent the nicotinamide synthesis from 
tryptophan and ornithine. Whilst the ornithine 
effect was reduced by about 50%, the tryptophan 
effect was almost completely abolished. 





1e 


i 


Hl 


a 


1e 
in 





Vol. 44 


NICOTINAMIDE AND TRYPTOPHAN 


291 


Table 9. Average acid formation and nicotinamide production by mixed cultures from the rat’s caecum grown 
in ammonium lactate medium aerobically in the absence and presence of tryptophan and ornithine 


(Figures in brackets give the range of values for individual samples.) 


Acid formed/ml. 


Nicotinamide formed/unit acid 





No. of medium c —. ‘ 
exp. Compound added (ml. 0-1N-NaOH) (vg./ml. medium) (% of control) 
7 None 0-080 0-020 100 
(0-050-0-152) (0-010-0-030) (100) 
DL-Tryptophan 0-080 0-038 195 
(0-062-0-124) (0-018-0-050) (134-302) 
L-Ornithine dihydrochloride 0-049 290 
(0-053-0-120) (0-030-0-070) (157-472) 


Table 10. Influence of medium (ammonium lactate or casein hydrolysate) on the nicotinamide formation 
from tryptophan or ornithine by mixed cultures of bacteria from the rat’s caecum grown aerobically 


(Figures in brackets give the range of values for individual samples.) 


Acid formed/ml. Nicotinamide formed/unit acid 





No. of medium c i ‘ 
Medium exp. Compound added (ml. 0-l1n-NaOH) (yg./ml. medium) (% of control) 
Ammonium lactate 3 None 0-069 0-027 100 
(0-050-0-105) (0-025-0-030) (100) 
DL-Tryptophan 0-079 0-045 151 
(0-062-0-110) (0-040-0-050) (134-166) 
L-Ornithine dihydrochloride 0-072 0-057 211 
(0-055-0-100) (0-050-0-070) (157-296) 
Casein hydrolysate 3 None 0-087 0-058 100 
(0-049-0-110) (0-035-0-075) (100) 
DL-Tryptophan 0-091 0-080 139 
(0-052-0-110) (0-065-0-090) (113-173) 
t-Ornithine dihydrochloride 0-094 0-088 149 
(0-052-0-116) (0-075-0-095) (120-158) 


Table 11. Influence of anaerobiosis on nicotinamide formation from tryptophan or ornithine 


by mixed cultures of bacteria from the rat’s caecum in ammonium lactate medium 


(Figures in brackets give the range of values for individual samples.) 


Condition of No. of 
incubation exp. Compound added 
Aerobic 3 None 

DL-Tryptophan 

L-Ornithine dihydrochloride 
Anaerobic 3 None 


DL-Tryptophan 


L-Ornithine dihydrochloride 


Acid formed/ml. 


Nicotinamide formed/unit acid 





Non-coliform bacteria isolated from the caeca of 
various rats were tested for the formation of nico- 
tinamide from tryptophan either by incubation 
together with Bact. coli or by addition of Bact. coli 
to the medium in which the non-coliform organisms 
had been incubated. Not one showed a positive 
effect. 


medium — . 
(ml. 0-In-NaOH) (yg./ml. medium) (% of control) 
0-086 0-027 100 
(0-050-0-152) (0-025-0-030) (100) 
0-084 0-047 171 
(0-062-0-124) (0-045-0-050) (134-220) 
0-078 0-050 197 
(0-055-0-120) (0-050) (157-255) 
0-059 0-020 100 
(0-037-0-100) (0-020-0-025) (100) 
0-054 0-040 165 
(0-037-0-085) (0-040) (170-235) 
0-050 0-041 221 
(0-028-0-086) (0-035-0-047) (205-230) 
DISCUSSION 


The in vivo experiments on the rat showing a greater 
nicotinamide methochloride elimination after oral 
than after parenteral administration of tryptophan 
are in agreement with the findings of Schweigert & 
Pearson (1947) and favour the conception that the 
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of bacteria from the rat’s caecum grown aerobically in ammonium lactate medium 


(Figures in brackets give the range of values for individual samples.) 
Nicotinamide formed/unit acid 


Condition of No. of 
culture exp. Compound added 
Fresh 3 None 
DL-Tryptophan 
L-Ornithine dihydrochloride 
Dry 3 None 


DL-Tryptophan 


L-Ornithine dihydrochloride 


intestinal fiora is concerned with conversion of 
tryptophan into nicotinamide. But they do not 
exclude a participation of the rat tissue in this con- 
version; both processes may occur simultaneously. 
However, the participation of the intestinal flora is 
also favoured by the findings of Krehl et al. (1946) 
that the growth-restricting effect of tryptophan- 
deficient diets in growing rats can be reduced by 
feeding carbohydrates which cause a change in the 
intestinal flora. The inhibiting effect of succinyl- 
sulphathiazole on the increase of nicotinamide 
methochloride output caused by tryptophan 
equally favours the participation of the intestinal 
flora in the conversion of tryptophan into nicotin- 
amide. The effect of succinylsulphathiazole on the 
rate of tryptophan-nicotinamide conversion was not 
always observed; it was not observed when the 
administration of the drug failed to reduce the 
basic nicotinamide methochloride elimination, thus 
confirming the connexion between tryptophan con- 
version and intestinal flora. As in human beings 
(Ellinger, Coulson & Benesch, 1944; Ellinger, 
Benesch & Kay, 1945) nicotinamide methochloride 
elimination was not markedly affected by sulpha- 
thiazole administration in the rat although the blood 
level of total and free sulphathiazole was much 
higher after sulphathiazole than after succinyl- 
sulphathiazole administration. Also the rise in 
nicotinamide methochloride elimination caused by 
tryptophan was reduced only by succinylsulpha- 
thiazole, and not by sulphathiazole. This indicates 
strongly that the drop after succinylsulphathiazole 
administration is not due to a process occurring in 
the tissue, and that the tryptophan nicotinamide 
conversion occurs at least to a large extent in 
the intestinal flora which is much more affected 
by succinylsulphathiazole than by sulphathiazole. 
The results of the experiments using succiny]l- 
sulphathiazole are in apparent disagreement with 


Acid formed/ml. 


medium . 
(ml. 0-1n-NaOH). (yg./ml. medium) (% of control) 
0-079 0-016 100 
(0-062-0-105) (0-010-0-025) (100) 
0-083 0-035 230 
(0-069-0-110) (0-032-0-040) (153-302) 
0-075 0-056 395 
(0-053-0-100) (0-040-0-070) (296-472) 
0-056 0-020 100 
(0-031-0-078) (0-014-0-026) (100) 
0-053 0-024 120 
(0-031-0-080) (0-018-0-032) (116-126) 
0-051 0-045 249 
(0-027-0-073) (0-025-0-056) (192-305) 


those reported by Spector (1948), who found after 
feeding 0-2 g. of succinylsulphathiazole a greater 
conversion of tryptophan to nicotinic acid and 
greater recovery of added nicotinic acid. This 
increase cannot be explained, but the failure to 
find a reduced conversion is probably due to 
entirely inadequate doses of succinylsulphathiazole 
used in these experiments. The minimum daily dose 
of succinylsulphathiazole found to reduce markedly 
the Bact. coli population of the intestines in about 
two thirds of the experimental animals is in the 
region of 1 g. (Ellinger, 1948). There is no direct 
evidence for any conversion of tryptophan into 
nicotinamide in the tissues of vertebrates with the 
exception of experiments by Schweigert, German & 
Garber (1948), who found in developing chick 
embryos a significantly increased nicotinic acid 
content after injection of tryptophan. On the whole 
the conversion of tryptophan into nicotinamide in 
the rat seems to be very incomplete, since the 
increase in urinary nicotinamide methochloride 
elimination caused by 100 mg. tryptophan corre- 
sponds to about that caused by 1-2 mg. of nicotin- 
amide. Moreover, the conception that the intestinal 
flora is concerned with the tryptophan nicotin- 
amide conversion is further supported by the in 
vitro experiments in which, without exception, the 
nicotinamide production by mixed cultures from 
the caecum was increased on addition of tryptophan 
to the medium. 

The chemical mechanism of the tryptophan-nico- 
tinamide conversion is obscure. Whilst of the known 
mammalian tryptophan metabolites kynurenic acid 
has been shown to be ineffective in increasing nico- 
tinamide methochloride output in rats (Rosen et al. 
1947), kynurenine which might be an intermediate 
in tryptophan metabolism in normal animals, and 
is an end product in pyridoxine-deficient animals, 
seems to increase the nicotinic acid content of a 
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mutant strain of Neurospora (Beadle, et al. 1947). 
The structure of kynurenine as 0-aminophenacyl- 
glycine has been proved by Butenandt, Weidel & 
Neckel (1944) by synthesis. If this structure for 
kynurenine is correct, its conversion either into a 
pyridine-3-carboxylic acid or into ornithine can 
hardly be understood. It has been shown that 2- 
amino-3-hydroxybenzoic acid can replace trypto- 
phan or nicotinamide in some mutant strains of 
Neurospora (Mitchell & Nyc, 1948; Bonner, 1948). 
The chemical mechanism of this effect is obscure, 
and a direct conversion of 2-amino-3-hydroxy- 
benzoic acid into nicotinamide seems improbable. 

There is no evidence available so far that orni- 
thine can be formed from tryptophan, but if 
tryptophan is directly converted into nicotinamide 
a reductive cleavage of the pyrrole ring of trypto- 
phan in the almost anaerobic atmosphere of the 
lower intestines may cause the formation of orni- 
thine from tryptophan. 

The possibility of such a cleavage, which is not 
supported by any known parallel reaction in bio- 
logical systems, has still to be proved, and ornithine 
has to be isolated as an intermediate of such a 
conversion of tryptophan into nicotinamide. 

The experiments on Bact. coli, wherein the forma- 
tion of nicotinamide seems to be mainly responsible 
for the biosynthesis of nicotinamide in the intestines 
(Ellinger & Emmanuelowa, 1946), prove without 
any doubt that ornithine is the only one of the 
amino-acids tested which facilitates the bacterial 
synthesis of nicotinamide to a considerable degree. 
The only other amino-acids which show a similar 
but much smaller effect, namely arginine and 
glutamine, are probably converted to ornithine, the 
former by an enzymic action similar to that 
described by Hirai (1936), the latter by a reductive 
process. 

The failure of the rat to convert ornithine into 
nicotinamide in vivo is not in conflict with the con- 
ception that it is concerned in the biosynthesis of 
nicotinamide. Ornithine is so unstable in the 
mammalian body that its natural occurrence in 
mammals has not been recognized until its impor- 
tance for the formation of urea was demonstrated 
by Krebs & Henseleit (1932a, b, 1934). It seems to 
be quickly used up in the formation of arginine. 
It might be expected that one of the intermediates 
postulated in its conversion into nicutinamide may 
be effective in this respect. Klein & Linser (1932), 
who found ornithine and proline to be active as 
precursors of trigonelline in Trigonella foenum 
graecum, suggested the intermediate formation of 
1-hydroxy-4-aminovaleric acid, 4-aminovaleric acid, 
guvacine and nicotinic acid, and Guggenheim(1940) 
omitting the 1-hydroxy-4-aminovaleric acid, but in- 
cluding 4-aminobut-1-ene-1-carboxylic acid between 
4-aminovalericacid and guvacine, suggested asimilar 
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pathway. The failure of 4-aminovaleric acid to be 
converted into nicotinamide in vivo in the rat and in 
vitro by Bact. coli shows that this compound cannot 
be an intermediate of the conversion. This mechanism 
needs further investigation. The results with bacteria 
differ from those of Klein & Linser (1932, 1933a, b) 
with Trigonella in two respects: proline or glutamic 
acid are inactive in bacteria and hexamethylene- 
tetramine does not increase the nicotinamide pro- 
duction. That a methylating process is involved in 
the ornithine-nicotinamide conversion is suggested 
by the increase in nicotinamide formation when 
methyl donors such as choline or methione are 
available. 

The fact that Bact. coli forms indole (Herzfeld & 
Klinger, 1915) under aerobic and 3-indolepropionic 
acid under anaerobic conditions (Woods, 1935), but 
fails in pure culture to convert tryptophan into 
nicotinamide, suggests that Bact. coli cannot split 
the tryptophan molecule into ornithine. This 
cleavage might be performed by other intestinal 
bacteria as shown by the results obtained with 
mixed cultures from rat caecum. It was, however, 
not possible to isolate these organisms which do not 
appear to stand drying. It is remarkable that the 
compound formed by the intestinal bacteria is 
nicotinamide and not the acid. 

The experiments reported strongly favour the 
conception that in the conversion of tryptophan 
into nicotinamide in the rat the intestinal bacteria 
are responsible to a considerable extent, but they 
do not exclude a participation of the rat’s tissues in 
this process. 


SUMMARY 


1. Administration of tryptophan causes an 
increase of urinary nicotinamide methochloride 
elimination in adult rats kept on a mixed diet. 
This increase is markedly greater after oral than 
after parenteral administration. 

2. The increase in urinary nicotinamide metho- 
chloride output caused by tryptophan administra- 
tion is markedly reduced in rats in which feeding 
of succinylsulphathiazole has produced a reduction 
in basal nicotinamide methochloride elimination, 
but not by sulphathiazole. 

3. Ornithine, proline and 5-aminovaleric acid do 
not cause an increase of nicotinamide methochloride 
output in the rat. 

4. Ornithine, and to a lesser extent arginine and 
glutamine, increase the formation of nicotinamide by 
Bact. coli. Methionine and choline, which are in- 
active by themselves, increase the nicotinamide 
formation from ornithine by Bact. coli, whilst hexa- 
methylenetetramine is ineffective in this respect. 

5. The conversion of ornithine into nicotinamide 
by Bact. coli seems not to depend on maintaining 
intact the structure of the bacterial cell. 
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6. Bact. coli in pure culture does not convert 
tryptophan into nicotinamide, but mixed cultures 
from the content of the rat’s caecum perform this 
conversion. 

7. The compound formed by bacterial synthesis 
is nicotinamide and not nicotinic acid. 

8. The conversion of tryptophan into nicotin- 
amide in the rat is discussed. It is suggested that the 
intestinal flora plays an important role in this 
process and that ornithine is an intermediate in this 
conversion. 





P. ELLINGER AND M. M. ABDEL KADER 


1949 


We wish to acknowledge the assistance given by Dr G. P. 
Gladstone in supervising the bacteriological work and by 
Dr A. Emmanuelowa who isolated and identified the 
bacteria used in the investigation. We also wish to thank 
Miss D. Garner and Miss J. P. Pugh for technical assistance, 
Dr R. L. M. Synge for supplying us with samples of pure 
L-ornithine and t-proline, Prof. Rolf Meier of Ciba, Basle, 
Switzerland, and Dr A. Weissberger of Eastman Kodak, 
Rochester, New York, U.S.A., for a generous supply of 4- 
aminovaleric acid. 

The work was carried out with the help of a grant for 
assistance by the Medical Research Council to one of the 
authors (P. E.). 


REFERENCES 


Barton-Wright, E. C. (1944). Biochem. J. 38, 314. 

Beadle, G. W., Mitchell, H. K. & Nyc, J. F. (1947). Proc. 
nat. Acad. Sci., Wash., 33, 155. 

Bonner, D. (1948). Proc. nat. Acad. Sci., Wash., 34, 5. 

Bratton, A. C. & Marshall, E. K. Jun. (1939). J. biol. Chem. 
128, 536. 

Butenandt, A., Weidel, W. & Neckel, I. (1944). Hoppe- 
Seyl. Z. 281, 120. 

Coulson, R. A., Ellinger, P. & Holden, M. (1944). Biochem. J. 
38, 150. 

Curran, H. C. & Evans, F. R. (1942). J. Bact. 43, 125. 

Ellinger, A. (1904). Hoppe-Seyl. Z. 43, 325. 

Ellinger, P. (1948). Unpublished results. 

Ellinger, P. & Abdel Kader, M. M. (1947). Nature, Lond., 
160, 675. 

Ellinger, P. & Abdel Kader, M. M. (1948). Biochem. J. 
42, lx. 

Ellinger, P., Benesch, R. & Kay, W. W. (1945). Lancet, i, 
432. 

Ellinger, P., Coulson, R. A. & Benesch, .R. (1944). Nature, 
Lond., 154, 270. 

Ellinger, P. & Emmanuelowa, A. (1946). Lancet, ii, 716. 

Ellinger, P., Fraenkel, G. & Abdel Kader, M. M. (1947). 
Biochem. J. 41, 559. 

Fildes, P. (1938). Brit. J. exp. Path. 19, 239. 

Guggenheim, M. (1940). Die biogenen Amine, 2nd ed., 
p. 174. Basle and New York: 8. Karger. 

Herzfeld, E. & Klinger, R. (1915). Zbl. Bakt. (1. Abt. 
Orig.), 76, 1. 

Hirai, K. (1936). Biochem. Z. 283, 390. 

Huff, J. W. & Perlzweig, W. A. (1947). J. biol. Chem. 167, 
157. 

Johnson, B. C. (1945). -T. biol. Chem. 159, 227. 

Klein, G. & Linser, K. (1932). Hoppe-Seyi. Z. 209, 75. 

Klein, G. & Linser, K. (19334). Z. wiss. Biol. (Abt. E), 19, 
366. 

Klein, G. & Linser, K. (19336). Z. wiss. Biol. (Abt. E), 20, 
470. 


Kotake, Y. (1931). Hoppe-Seyl. Z. 195, 139. 

Krebs, H. A. & Henseleit, K. (1932a). Klin. Wschr. 11, 
757. 

Krebs, H. A. & Henseleit, K. (19326). Klin. Wechr. 11, 
1137. 

Krebs, H. A. & Henseleit, K. (1934). Hoppe-Seyl. Z. 210, 
33. 

Krehl, W. A., Sarma, P. S., Teply, L. J. & Elvehjem, C. A. 
(1946). J. Nudtrit. 31, 85. 

Lepkowsky, 8., Roboz, E. & Haagen-Smit, A. C. (1943). 
J. biol. Chem. 149, 195. 

Luecke, R. W., McMillen, W. N., Thorp, F. Jun. & Tull, C. 
(1947). J. Nutrit. 23, 251. 

Mitchell, H. K. & Nye, J. F. (1948). Proc. nat. Acad. Sci., 
Wash., 34, 1. 

Perlzweig, W. A., Rosen, F., Levitas, N. & Robinson, J. 
(1947). J. biol. Chem. 167, 511. 

Rosen, F., Huff, J. W. & Perlzweig, W. A. (1946). J. biol. 
Chem. 163, 343. 

Rosen, F., Huff, J. W. & Perlzweig, W. A. (1947). J. 
Nutrit. 33, 561. 

Sarett, H. & Goldsmith, G. A. (1947). Fed. Proc. 6, 288. 

Schweigert, B. S., German, H. L. & Garber, M. J. (1948). 
J. biol. Chem. 174, 383. 

Schweigert, B. S. & Pearson, P. B. (1947). J. biol. Chem. 
168, 555. 

Schweigert, B. S., Pearson, P. B. & Wilkening, N. C. (1947). 
Arch. Biochem. 12, 139. 

Singal, S. A., Briggs, A. P., Sydenstricker, V. P. & Little- 
john, J. M. (1946). J. biol. Chem. 166, 573. 

Singal, 8. A., Sydenstricker, V. P. & Littlejohn, J. M. 
(1947a). J. biol. Chem. 171, 203. 

Singal, 8S. A., Sydenstricker, V. P. & Littlejohn, J. M. 
(19476). Fed. Proc. 6, 422. 

Spector, H. (1948). J. biol. Chem. 173, 659. 

Stamp, Lord (1947). J. gen. Microbiol. 1, 251. 

Woods, D. D. (1935). Biochem. J. 29, 640. 

Wooley, J. G. (1947). Proc. Soc. exp. Biol., N.Y., 65, 315. 





Vol. 44 


295 


The Measurement of Glucuronide Synthesis by Tissue Preparations 


By G. A. LEVVY (Imperial Chemical Industries Research Fellow) anp I. D. E. STOREY 
Department of Biochemistry, University of Edinburgh 


(Received 7 June 1948) 


To measure the ability of surviving tissue slices to 
form glucuronides of compounds such as menthol 
and phenol, Lipschitz & Bueding (1939) determined 
ether-soluble compounds giving the Tollens colour 
reaction for glucuronic acid. Whilst this procedure 
yielded valuable information in their hands, it is 
inconvenient for routine purposes, and the lack of 
specificity in the colour reaction can be a serious 
disadvantage. It must also be borne in mind that 
not all glucuronides are as ether-soluble as that 
derived from menthol. De Meio & Arnolt (1944), 
in their study of phenol conjugation by tissue 
slices, assumed the figure for combined phenol given 
by the method of Theis & Benedict (1924) to repre- 
sent phenylsulphuric acid and phenylglucuronide. 
As shown below, it is doubtful whether the results 
of De Meio & Arnolt (1944) have any bearing on the 
problem of glucuronide synthesis. 

It was considered that the study of the biological 
mechanism of glucuronide formation required a 
sensitive reaction, specific for a glucuronide in the 
presence of a large excess of the hydroxy compound. 
Following a suggestion made by Dr R. T. Williams 
(private communication), the possibility was investi- 
gated of determining o-aminophenyl-f-p-glucuro- 
nide (Williams, 1943) in the presence of free o-amino- 
phenol by the reaction described by Bratton & 
Marshall (1939) for the estimation of sulphon- 
amides. If the reaction was carried out according 
to their directions, in strongly acid solutions, the 
bluish pink given by the glucuronide was slow to 
develop, and when it had reached its full intensity 
an appreciable colour of similar shade was seen in 
parallel experiments with the free phenol. By careful 
control of pH it was found possible, not only to 
shorten the period for complete colour development 
with the glucuronide, but to eliminate interference 
by free o-aminophenol. To avoid having to adjust 
the pH of the solution after removal of proteins, 
methods of protein precipitation at the pH chosen 
for colour development were studied. Application 
of the complete procedure to the measurement of 
glucuronide synthesis by mouse-liver slices is 
described below. 


EXPERIMENTAL 


The colour reaction 


Diazotization and coupling with naphthylethylenediamine 
were carried out as described by Bratton & Marshall (1939). 
To 2 ml. of the test solution were added 1 ml. acid or buffer, 
followed at suitable intervals by 1 ml. of each of the 


following: 0-1% NaNO,, 0-5% ammonium sulphamate and 
0-1% naphthylethylenediamine dihydrochloride. In later 
experiments, the concentration of NaNO, was reduced to 
half. When 1 ml. of N-HCl or n-trichloroacetic acid was 
added to the reaction mixture, quantities of the order of 
100g. o-aminophenol present as the glucuronide could 
readily be distinguished from larger amounts of the free 
phenol by the pink colour seen immediately after adding the 
coupling reagent. It was possible to detect much smaller 
amounts of the glucuronide if colour development was 
allowed to proceed to completion, the process being acceler- 
ated by warming, but under such conditions 100 yg. free 
o-aminophenol gave a strong pink colour. Table 1 shows the 


Table 1. Extinction coefficients, using different filters, 
of the azo colours produced by o-aminophenyl- 
glucuronide and by 0-aminophenol 
(Colour development for 18 hr. at 37° in presence of HCl. 

12 pg. o-aminophenylglucuronide (calc. as free phenol) and 

120g. o-aminophenol. Extinction coefficients measured 

with Hilger Spekker absorptiometer.) 


Extinction coefficients 


SEE ey 
Ilford o-Aminophenyl- 

filter no. glucuronide o-Aminophenol 
601 0-024 0-053 
602 0-075 0-077 
603 0-168 0-120 
604 0-312 0-202 
605 0-432 0-312 
606 0-337 0-322 
607 0-160 0-232 
608 0-012 0-048 


extinction coefficients with different filters in the Hilger 
Spekker absorptiometer after 18 hr. colour development in 
HCl at 37°, and it can be seen that no filter permitted 
distinction between the two compounds. Ilford filter no. 
605 (yellow-green) was selected for further work. 

Freshly prepared aqueous solutions of pure o-amino- 
phenol were colourless, but on standing there was rapid 
formation of an ether-soluble brown pigment giving 
appreciable readings in the Spekker absorptiometer. 
Shaking the solution in an atmosphere of O, hastened pig- 
ment formation. Interference from this source was greatly 
reduced or entirely prevented by adding ascorbic acid to the 
solution. Ascorbic acid itself had no effect on the colour 
reaction for the glucuronide. The initial reaction of o- 
aminophenol with HNO, gives a pale yellow solution. This 
eclour does not register on the Spekker absorptiometer with 
Ilford filter no. 605. 


The effects of pH and temperature on the 
colour development 


Fig. 1 shows the effect of varying the pH on the com- 
parative intensities of the colours given by o-aminophenol 








Extinction coefficient 


Fig. 1. The effect of pH on colour development after different periods at 25°. 
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@—@, 12g. 0o-aminophenol as 


glucuronide; x—x, 120g. free o-aminophenol (no ascorbic acid present). Encircled points, pH adjusted with 


HCI; all others, phosphate buffer. 


and its glucuronide after different periods at 25°. Except 
for experiments at the lowest pH, in which n-HCl was 
used, the pH was adjusted by addition of approximately 
o-phosphate buffer. As elsewhere in this paper, the amount 
of glucuronide is expressed in terms of the o-aminophenol 
content. Above pH 2-25 no azo-dye formation was seen 
with the free phenol after 4 hr. incubation, the Spekker 
absorptiometer readings being accounted for entirely by the 
pigmented oxidation product. Above pH 2-50 the intensity 
of the colour given by the glucuronide fell sharply. On the 
basis of these results it seemed that pH 2-25-2-50 was the 
most favourable region for determining o-aminophenyl- 
glucuronide in the presence of excess of the free phenol. The 
use of agents other than phosphate for pH adjustment led 
to a similar conclusion. From Fig. 2 it can be seen that 
within the desired pH region colour development was 
complete with the glucuronide in 2hr. at 25°. In the 
presence of HCl, on the other hand, the colour had not 
reached a maximum after 6 hr. incubation. Azo-dye forma- 
tion by the free phenol below pH 2-25 can be clearly dis- 
tinguished from oxidation alone at higher pH values in 


Fig. 2. 
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Fig. 2. The effect of pH on the rate of colour development 
at 25°. @—@®, pH 1-05 (HCl); x—x, pH 1-68 (phos- 
phate buffer); O—O, pH 2-25 (phosphate buffer); 
A—A, pH 2-94 (phosphate buffer). 12 ug. o-aminophenol 
as glucuronide or 120 yg. free o-aminophenol (no ascorbic 
acid present). 1 
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Fig. 3 illustrates the effect of temperature on the colour 
development at pH 2-25. In general, increasing the tempera- 
ture caused the maximum to be reached more quickly, but 
decreased the ultimate value, and fading occurred on 
prolonged incubation at high temperatures. Raising the 
temperature also increased the rate of oxidation of the free 
phenol in absence of ascorbic acid. At 25°, coupling of the 
diazotized glucuronide at pH 2-25 was as rapid as at 37°, 
and the former temperature was adopted for further work. 
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Fig. 3. The effect of temperature on colour development at 
pH 2-25. @—@, 15°; x—x, 25°; O—O, 37°; A—A, 
49°. 12g. o-aminophenol as glucuronide or 120 yg. free 
o-aminophenol (no ascorbic acid present). 


The absorption curve for the glucuronide under the 
selected conditions of colour development (2 hr. at 25° and 
pH 2-25-2-50) was very similar to that shown in Table 1, 
and a straight-line relationship was observed between the 
absorptiometer readings with Ilford filter no. 605 and 
amounts of the glucuronide equivalent to 2-24yug. o- 
aminophenol. 


Protein precipitation 


Solutions of sodium tungstate or trichloroacetic acid 
brought to pH 2-25 did not precipitate proteins until 
further additions of acid were made. The presence of 
phosphate buffer at the same pH did away with the 
necessity of making the precipitant more acid. Tungstic 
acid precipitated naphthylethylenediamine, but mixtures 
of trichloroacetic acid and phosphate buffer proved satis- 
factory in giving protein-free solutions in which the colour 
reaction could be carried out directly. Trichloroacetic acid 
was without effect on the colour reaction under these con- 
ditions, in spite of the fact that used alone for colour de- 
velopment at pH 1 it gave variable results for a known 
amount of glucuronide. 


The effect of varying the o-aminophenol concentration 
on synthesis of the glucuronide by mouse-liver slices 


The slices (about 10 mg. dry wt.), suspended in bicarbon- 
ate Ringer solution (Krebs & Henseleit, 1932), were shaken 
in an atmosphere of 5% CO, in O, at 37°. The solution 
contained 0-02M-lactate (Lipschitz & Bueding, 1939), 
0-001m-ascorbic acid and varying concentrations of o- 
aminophenol, but no sulphate, MgSO, being replaced by an 
equivalent concentration of MgCl,. Glucuronide synthesis 
was determined at varying periods for each concentration 
of o-aminophenol, slices from a single animal being used for 
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each complete experiment. The course of the synthesis in 
representative experiments is shown in Fig. 4, results being 
expressed as mg. o-aminophenol conjugated by 1g. dry 
weight of slices. Each point is the mean of three or four 
individual results. 
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Fig. 4. The course of glucuronide synthesis by mouse-liver 
slices in various concentrations of o-aminophenol. 
A—A, 9-:005%; O—O, 0-:0025%; @—@, 0-:00125%; 
x— x, 00005 %. 


Variations in the initial slope may in part reflect indi- 
vidual variation in the ability of the liver to synthesize the 
glucuronide, but this factor can hardly explain all the 
differences in the shapes of the curves shown in Fig. 4. It 
appears that the rate of synthesis remained constant for 
2 hr. in 0-0025% o-aminophenol. Reducing the concentra- 
tion caused the rate of reaction to fall off after incubation 
for 1 hr. Whilst in 0-0035% o-aminophenol (results not 
shown) the reaction followed the same course as in 0-0025 %, 
increasing the concentration to 0-005 % caused an apparent 
decrease in the reaction rate. This is in agreement with the 
results of Lipschitz & Bueding (1939), who observed inhibi- 
tion of glucuronide formation by excess alcohol or phenol. 


Assay procedure for mouse-liver slices 


Into 25 ml. conical flasks fitted with rubber stoppers 
were measured 2 ml. bicarbonate Ringer, containing 0-02M- 
lactate, 0-001 M-ascorbic acid and 0-0025 % o-aminophenol, 
but no sulphate. Ascorbic acid and the phenol were added 
as the solids, in that order. The latter was purified by sub- 
limation before use. After passing a brisk stream of 5% 
CO, in O, into the flasks for 1 min. they were stoppered and 
placed in a thermostatically controlled water bath at 37°. 
The contents were brought to atmospheric pressure by 
momentary release of the stoppers. Slices corresponding to 
approximately 10 mg. dry weight were dropped into each 
flask which was again gassed for 2 or 3 sec. before replacing 
the stopper. Shaking was commenced and continued for 
1 hr. The slices were then removed for determination of the 
weight after drying at 110°. To the flask, 2 ml. of a solution 
containing sodium trichloroacetate and phosphate were 
immediately added. This solution was prepared daily by 
mixing equal volumes of stock M-trichloroacetate and m- 
phosphate, both adjusted to pH 2-25. The contents of the 
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flask were thoroughly mixed and poured into a 10 ml. centri- 
fuge tube. After centrifuging, 3 ml. of the supernatant 
fluid were transferred to another tube, and to it was added 
1 ml. 0-059% NaNO,, followed after 3 min. by 1 ml. 0-5% 
ammonium sulphamate and, after another 2 min., by 1 ml. 
0-1% naphthylethylenediamine dihydrochloride. The tubes 
were placed in a bath at 25° for 2 hr. and the intensities of 
the colours read with a Spekker absorptiometer against the 
reagents, using Ilford filter no. 605. Liver slices from normal 
mice gave zero readings after incubation in absence of o- 
aminophenol, as did the phenol itself in the concentration 
used above when ascorbic acid was present. Variation in 
a single liver in synthetic activity from slice to slice, how- 
ever, made it advisable to do determinations in quadrupli- 
cate (see below). 


Errors in the assay 


To test the precipitation procedure, a large number of 
mouse-liver slices were shaken in bicarbonate Ringer 
solution of the composition described above except in that 
o-aminophenol was omitted. After 1 hr. the slices were 
removed and to 1 ml. samples of the residual liquid was 
added 1 ml. bicarbonate Ringer solution containing o0- 
aminophenylglucuronide equivalent to 9-2yg. of the free 
phenol. The removal of proteins and the colour reaction 
were carried out as described. The mean recovery in twenty 
two observations was 100%, and the standard deviation of 
a single observation from the mean 7%. This figure takes 
no account of the variable error arising from removal of 
slices in an actual assay. An overall measure of the variable 
error in the assay procedure, including that arising from 
variation from slice to slice in the synthetic activity of liver, 
was obtained from the individual results in a series of eight 
determinations, each done in quadruplicate, of the normal 
activity of adult mouse liver. The mean activity was 0-37 mg. 
o-aminophenol conjugated/g. dry wt./hr., and the standard 
deviation of a single observation from the mean 17%. 


The identity of the compound giving the 
colour reaction 


It was borne in mind that part of the o-aminophenol 
might be conjugated with sulphuric acid during the incuba- 
tion with liver slices, and that the conjugate thus formed 
might give the colour reaction for o-amihophenylglucur- 
onide. o-Aminophenylsulphuric acid was not available for 
study, but indirect evidence suggested that, if formed 
during the incubation, it did not interfere in the final 
determination. 

In experiments in which mouse-liver slices were incubated 
with o-aminophenol in Ringer solution containing MgSO,, 
the final readings were, if anything, slightly lower than 
those obtained with slices from the same animal in sulphate- 
free Ringer. This suggests that sulphate ion is not involved 
in the formation of the compound giving the colour re- 
action. 

A comparative study of the stabilities of phenylglucur- 
onide and phenylsulphuric acid to acid, using the colour 
reaction of Folin & Ciocalteu (see Kerr, Graham & Levvy, 
1948), showed the former to be unchanged after 10 min. at 
100° in n-HCl, while the latter was completely hydrolyzed 
under these conditions. In phosphate buffer, pH 2-25, the 
degree of hydrolysis of phenylsulphuric acid was 50% after 
10 min. at 100°, and 25% after 2hr. at 25°. o-Amino- 


phenylglucuronide, studied by the colour reaction described 
above, resembled phenylglucuronide in its stability to acid. 
The molar concentrations in these experiments were of the 
same order as those dealt with elsewhere in this paper, and 
excess acid was neutralized before proceeding with the 
appropriate colour reaction. The compound giving the 
colour reaction after incubation of o-aminophenol with 
mouse-liver slices was just as stable to acid as the authentic 
glucuronide. In these experiments, the incubation was 
done on a larger scale than usual and protein was removed 
with trichloroacetic acid. Samples were heated with HCl 
for varying periods, and excess acid neutralized before 
adding the buffer for colour development. It is considered 
unlikely that o-aminophenylsulphuric acid would escape 
hydrolysis in such experiments. This is confirmed by the 
work of Burkhardt & Wood (1929), who found that although 
o-aminophenylsulphuric acid was ‘rather more difficult’ 
to hydrolyze than phenylsulphuric acid, hydrolysis was 
detectable after boiling for a few seconds in dilute mineral 
acid. They also showed that diazotization in N-HCl led to 
loss of the sulphate group. 


DISCUSSION 


De Meio & Arnolt (1944) observed tissue slices from 
one of their strains of rats to conjugate phenol in 
sulphate-free Ringer solution. Addition of sulphate, 
however, increased conjugation by liver, and the 
other strain of rats resembled guinea pigs (Bernheim 
& Bernheim, 1943) in that this ion was obligatory 
for phenol conjugation as determined by their 
method of assay. In the method of Theis & Bene- 
dict (1924) combined phenol is taken to be the 
difference between readings obtained before and 
after hydrolysis in 0-25 N-HCl for 10 min. at 100°. 
If, as appears to be the case, De Meio & Arnolt 
(1944) carried out their hydrolysis in this way, their 
results did not include phenol conjugated with 
glucuronic acid, since pure phenylglucuronide was 
unchanged after 10 min. at 100° in N-HCl. Unless 
some other acid-labile phenol derivative was 
present, the results of De Meio & Arnolt must be 
considered to apply to formation of the sulphate 
only. In this case it would appear that in one of 
their strains of rats the tissue slices either contained 
or produced sufficient sulphate ion for a limited 
degree of conjugation. In our own procedure, 
synthesis of the compound giving the colour re- 
action for o-aminophenylglucuronide was not stimu- 
lated by addition of sulphate, and this ion was 
omitted as a matter of routine. 


SUMMARY 


1. Small amounts of o-aminophenylglucuronide 
can be determined colorimetrically after diazo- 
tizing and coupling with naphthylethylenediamine. 
Interference with the colour reaction by compara- 
tively large amounts ‘of o-aminopheno] can be 
excluded if the colour is developed at pH 2-25, and 
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oxidation of o-aminophenol is avoided when 
ascorbie acid is present. Trichloroacetic acid solu- 
tions brought to pH 2-25 precipitate proteins if 
phosphate buffer at the same pH is also present, 
permitting colour development without further pH 
adjustment. 

2. The colour reaction has been applied to the 
measurement of glucuronide synthesis by mouse- 


GLUCURONIDE SYNTHESIS 


299 


liver slices. Rates of synthesis of the order of 
0-7 mg. o-aminophenol conjugated/g. dry weight of 
liver/hr. were obtained at the optimum concen- 
tration of 0-0025 %. 


The authors wish to express their gratitude to Miss 
Lynda M. H. Kerr, who carried out determinations of the 
stabilities of phenylglucuronide and phenylsulphuric acid, 
and to D. Love for technical assistance. 
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The Frequency Distribution of the Zinc Concentrations 
in the Dental Tissues of the Normal Population 


By D. B. CRUICKSHANK, Sims Woodhead Memorial Laboratory, Papworth, Cambridge 


(Received 10 June 1948) 


In earlier work the author demonstrated the 
presence of zinc in the dental tissues (Cruickshank, 
1936) and studied the increases occurring in persons 
suffering from active tuberculosis (Cruickshank, 
1940). The presenti paper deals with the way in 
which zine concentrations of dental tissues vary 
throughout the ‘normal’ population. The experi- 
mental results indicate that the population sampled 
was heterogeneous and divisible into two (or three) 
groups, each with its characteristic zinc concen- 
trations. The significance of these findings is briefly 
discussed. 


EXPERIMENTAL 


Population and material sampled. Over a period of years, 
the author collected ‘sound’ teeth extracted, for orthodontic 
reasons, from secondary school children attending the 
Public Dental Clinic at Cambridge. All specimens were 
carefully examined and only fully calcified pre-molars free 
from visible caries or defects were selected for analysis. 

The children, boys and girls, ranged in age from 10 to 
17 years, 80% falling between 12 and 15 years. They can be 
regarded as a random sample of the pre-adolescent second- 
ary school population biased only in the sense that all had 
a degree of ‘overcrowded’ dentition calling for orthodontic 
extraction. 

Zine determinations. These were made by a modification 
of the dithizone extraction, ferricyanide-iodine titration 
technique of Sylvester & Hughes (1936) reduced to a micro 
scale in order to permit quadruplicate or quintuplicate 


analyses on the dentine and on the enamel of each single 
tooth specimen (Cruickshank, 1948). The standard devia- 
tion of the 250 standards (20 ug.) run during the tests was 
+3-8%. Interbatch variations were eliminated by ‘batch 
scattering’ the multiple analysis for each specimen. The 
total number of zine estimations was about 1250. 

Preparation of specimens. Dentine: The ‘root’ of each 
pre-molar was cut off just below the crown with a fissure 
bur, dried to constant weight (105°), ashed in an electric 
furnace overnight (500°), cooled and pulverized. The four to 
five analyses were run on samples of this pulverized ash. 

Enamel: The ‘crown’ was first heated in the electric 
furnace for 0-5 hr. at 270° (pyrometer controlled) to char 
the dentine. When cool the ‘neck’ was pressed lightly into 
a surface of plasticine, surrounded with a 1 in. length of 
1 in. diameter rubber tubing, and the hole filled with plaster 
of Paris. When set, the plaster containing and supporting 
the ‘crown’ was removed and trimmed to expose the ‘neck’. 
The charred dentine was then cut out with a rose-head bur. 
The remaining enamel ‘cap’ was freed by making a cruci- 
form saw cut into the block and splitting apart; it was 
washed and ashed overnight (500°), and four to five 
samples of the pulverized ash were analyzed. 

Examination of variables. It was intended to obtain 
experimental data for 100 persons but exigencies of the war 
reduced this to 70. The available data were first studied in 
relation to the known variables of (i) sex, (ii) age of the 
subject, (iii) position, and (iv) condition of the specimen. 
As already mentioned all specimens were ‘ pre-molars’ (the 
zine contents of incisors, canines, pre-molars and molars 
differ to some extent). The ‘defectives’ were sound teeth 
with no caries but with enamel of slightly less perfect 
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structure than average. In view of the object of the 
experiment some knowledge of the effects of these accidental 
variables on zinc concentrations was imperative. 





RESULTS 


The results are summarized in Table 1. There is 
some suggestion of systematic effects; for example 
in dentine the zinc concentrations in males are 5% 
greater than in females and in enamel the zinc 
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by the enamel and dentine frequency curves it is 
clear that these ‘zones’ correspond to the M, T 
and C peaks already noted (Fig. 1). These results 
are only suggestive; definite proof of the existence 
of such subgroups must await more extensive and 
elaborate surveys. 

Embryological factors. Dentine and enamel arise 
from two distinct embryological layers, viz. meso- 
derm and ectoderm; their calcification is effected 
by two independent groups of cells, the odonto- 


Table 1. Summary of zine concentrations in the teeth of the normal population classified 
in relation to certain known variables 








Dentine Enamel 
it —A— > POSS ————.. 
Males Females Males Females 
Mean Mean Mean Mean 
Zn cone. Zn conc. Zn conc. Zn cone. 

Type of tooth (mg./kg.) No. (mg./kg.) No. (mg./kg.) No. (mg./kg.) No. 
All 196 33 205 37 195 53 199 46 
Normal 194 26 205 27 195 40 194 36 
Defective 201 a 209 9 195 13 206 10 
Uppers 198 17 208 20 195 33 188 23 
Lowers 194 14 204 16 199 17 208 17 

Age of subject (yr.) 
10 and 11 179 3 186 8 177 6 190 12 
12 and 13 196 12 213 26 192 24 200 31 
14 and 15 193 14 189 2 206 16 191 2 
16 and 17 216 4 — _- 204 6 — — 


The s.p.’s of all means lie between +20 and 30 mg./kg. 


concentrations of lower pre-molars are 15% 
greater than for upper pre-molars. In both dentine 
and enamel zine concentrations appear to increase 
with age, rising respectively 12 and 15% during a 
period of 6 to 7 years; but in all these averages 
there is a wide scatter and a large degree of over- 
lapping. The average zinc concentrations found in 
these experiments were some 20% higher than 
those found previously in a mixed adult popula- 
tion (dentine 178, enamel 152 mg./kg.) (Cruick- 
shank, 1936). 

Frequency distributions. The observed zine con- 
centrations were ranged in order of ascending 
magnitude and the curves (Fig. 1) plotted from a 
3-point moving average across 5 mg./kg. class 
intervals. That for enamel gives a peak at 200 
mg./kg. (M) with subsidiaries at 170 mg./kg. (C) 
and 220 mg./kg. (7'). That for dentine is apparently 
bimodal with a major peak at 190 mg./kg. and 
another well-developed peak around 220 mg./kg. 
(CT). 

A scatter diagram of the independently deter- 
mined dentine and enamel zinc concentrations was 
next prepared and the frequency contours plotted. 
(using a moving average across the 5x 5 mg./kg. 
two-dimensional cells). There are three ‘zones’ of 
high frequency, two juxtaposed and the third dis- 
crete. From the elevation of this ‘surface’ as given 


Population zinc levels 
Data for 70 persons 


250 


200 
| Zine (mg./kg.) 





Fig. 1. Frequency curves of the zine concentrations in 
dentine and enamel; and frequency contours of the 
dentine : enamel correlation surface. 


blasts and the ameloblasts. There is therefore no 
a priori reason to anticipate a ‘normal correlation’ 
between the respective zinc levels of these two 
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calcified tissues. Because of this the ‘abnormalities’ 
of the frequency surface and curves may have 
biologicgl significance. A suggested interpretation 
is that the population sampled was heterogeneous 
when classified in terms of the zinc concentrations 
of the two dental tissues examined. These irregu- 
larities could not be accounted for in terms of the 
known variables described above. 


DISCUSSION 


The main interest of the investigation lies in the 
demonstration of the possible existence of these 
population subgroups; other related work has 


Frequen 
Cofnparative distribution quency curve 
Zinc levels [dental] 
Mean tuberculous 


Zinc levels 
[dental] 


Frequency curve 
Phosphatase 
levels [blood] 


Comparative distribution 
Phosphatase levels [blood] 


Mean 





130 persons 





Fig. 2. Resemblance between the distributions of the tooth 
zine (0-5 x (dentine + enamel values)) and serum alkaline 
phosphatase levels in the normal population and in 
persons suffering from active tuberculosis (see also 
Table 2). 


already indicated this possibility (Cherry, 1924, 
1925; Cruickshank, 1939). If group M be taken as 
thé mean type then group 7' differs from it in having 
a higher zine concentration in both enamel and 
dentine. This is exactly the difference found in 
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persons suffering from tuberculosis, in which con- 
dition there is evidence of increases in tooth zinc 
concentrations several years before any clinical 
manifestations of the disease appear (Cruickshank, 
1940). Group 7 may therefore represent pre- 
tuberculosis subjects or alternatively persons prone 
to that disease. 

If, as seems possible, zinc plays some essential 
role in calcification processes, its variations in tuber- 
culous and pre-tuberculous(?) persons would be 
understandable, for ‘calcification’ of the lesion is 
one form of resistance against the disease. The 
therapeutic effects of zinc in tuberculosis are 
discussed by Ballard (1943). 

It is of interest to compare the results of the 
present experiments with those of an independent 
investigation into serum alkaline phosphatase levels 
in normal and tuberculous persons (Murnaghan, 
1946). Utilizing Murnaghan’s data, Fig. 2 was 
prepared to show the striking resemblance which 
exists between the tooth zinc and serum phospha- 
tase distributions (note particularly the bimodal 
frequency curves). There is a further resemblance in 
that the zinc and phosphatase increases (in tuber- 
culosis) are unaccompanied by any increase in 
serum calcium and phosphorus (Table 2). Such 
close parallelism can scarcely be accidental. 

Subgroup C is not discussed in this paper as there 
is as yet no experimental evidence of its nature or 
origin. 


SUMMARY 


1. The zine concentrations in the dentine and 
enamel of pre-molars of a group of seventy second- 
ary school children wére determined by a modified 
dithizone ferricyanide-iodine titration method. 

2. After eliminating secondary variables there 
remained an apparent irregularity in the frequency 
distribution indicating possible division of the 
subjects into one major (M) and two minor (7' and 
C) groups each in respect of their zinc concentra- 
tions. One group (7') showed characteristics identical 
with those found in tuberculous subjects, charac- 
teristics which are known to appear years before 
clinical manifestation of the disease; it is therefore 


Table 2. The relative specificity of the dentine zinc and serum alkaline phosphatase 
increases in tuberculosis 


Normal 


11-03+0-547 (130)* 
3-38+0-509 (130)* 


Serum calcium (mg./100 ml.) 
Serum inorganic phosphorus (mg./100 ml.) 


Alkaline phosphatase (units/100 ml.) 6-49 + 2-60 
Dentine ash (g./100 g.) 73-85 + 1-41 
Dentine zine (mg./kg.) 178+21 


Tuberculous Significant increase 
10-3640-5 (55)* No 
3-38+0-49 (55)* No 
(130)* 9-0544-4 (55)* Yes (P= < 0-00006) 
(41) 73-8142-11 (74) No 
(55) 192426 (75) Yes (P =0-0007) 


All the results are given as mean-+s.p. and (in brackets) no. of specimens analyzed. 
* After Murnaghan (1946). 
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suggested that group 7’ may represent pre-tuber- 
culous or tuberculosis-prone persons. 

3. The close correspondence which exists be- 
tween the tooth zine and the serum alkaline phos- 
phatase levels, both in health and in tuberculosis is 
discussed, and it is suggested that the role of zine 
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in tuberculosis may be connected with calcification 
of the lesions. 


I wish to express my great indebtedness to Mr+W. Baird 
Grandison and his staff at Cambridge for very full and 
cordial co-operation, and also to Mr Sampson for his 
technical skill in preparing the enamel specimens. 
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A Biochemical Study of Pseudomonas prunicola Wormald 
1. PECTIN ESTERASE 


By G. BARBARA MILLS, The Biochemical Laboratory, University of Cambridge 


(Received 13 August 1948) 


Certain species of Pseudomonas are responsible for 
the production of canker in stone fruit trees 
(Wormald, 1930). Erikson (1945), working with a 
strain of Ps. mors-prunorum Wormald, showed that 
the pathogen penetrated the tissues of the host 
intercellularly, plasmolysis of the cell contents and 
disintegration of the cell walls being followed by 
gradual invasion by the bacteria. This suggests that 
destruction of the pectic substances of the middle 
lamella of the host cells by extracellular pectic 
enzymes produced by the bacteria may play a 
primary part in facilitating the invasion of the 
tissues. Consequently, an investigation of the 
pectic enzymes of organisms involved in this 
invasion has been undertaken. The present paper 
describes investigations of an extracellular pectin 
esterase secreted by Ps. prunicola Wormald, an 
organism causing a similar disease in cherry and 
pear trees. 


EXPERIMENTAL 


Organism. For this work a strain of Ps. prunicola, iso- 
lated from an infected pear tree at East Malling Research 
Station, was used. This is a Gram-negative, non-sporing rod, 
falling into Dowson’s Group II (Dowson 1939), the type 
species of which is Ps. fluorescens Migula. 

Cultivation. The organism was grown in Roux bottles on 
a medium consisting of a tryptic digest of casein containing 
0-4% citrus pectin and 0-01% marmite. Growth took place 
at 25° and lasted for 7-10 days. 

Preparation of enzyme. The cells were centrifuged off, and 
the enzyme in the supernatant fluid concentrated as follows. 
Solid (NH,),SO, was added to a final concentration of 40% 
saturation, and the resulting precipitate discarded. Further 


(NH,).SO, was then added to give a final concentration of 
90% saturation. The precipitate, containing the enzyme, 
was allowed to rise to the surface of the liquid, and the 
fluid beneath siphoned off and discarded. The precipitate 
was collected and dialyzed for 24 hr. in collodion sacs 
against running tap water. The enzyme, now in solution 
within the dialyzing sac, was precipitated by the addition of 
3 vols. of methanol at room temperature, spread on a dish, 
and allowed to dry at 37°. The dry precipitate was powdered 
in an agate mortar; such preparations of the pectin 
esterase can be kept indefinitely. For use, the powder was 
rubbed up in water (30 mg./ml.), and the solution brought 
to pH 7-5 with n-NaOH. 

Substrate. Throughout the work the pectin used was a 
commercial citrus pectin, which was kindly provided by 
Chivers and Sons, Ltd., Histon, Cambs. This contained at 
least 30% invert sugar; the methoxy] content of the powder 
was estimated by the gravimetric micro-Zeisel apparatus 
and found to be 6:2%. For the enzyme studies a 3% 
solution, brought to pH 7-8 with n-NaOH, was used. 

Estimation of activity. A manometric technique was used 
to estimate pectin esterase activity. Since the action of the 
enzyme liberates acidic groups on de-esterification, the 
activity can be followed by the evolution of CO, from a 
suitable bicarbonate buffer. The manometer cups contained 
0-5 ml. of 0-3mM-NaHCO, solution, 0-5 ml. enzyme solution, 
and 1-0 ml. pectin solution, and were filled with a N,/CO, 
gas mixture containing 5% (v/v) CO,; at the experimental 
temperature (37°) this gave a pH of 7-8. 


RESULTS 


Confirmation that the manometric reaction studied 
is a de-esterification. In order to ascertain that the 
reaction studied is in fact the hydrolysis of an ester 
linkage, the relationship between the liberation of 
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methanol and the production of carboxyl groups 
(as measured manometrically) was determined. For 
this purpose a series of manometers, each con- 
taining 1-0 ml. 2% pectin, 0-5 ml. enzyme, and 
0-5 ml. buffer, were set up. At intervals after tipping, 
the reaction in one manometer was stopped by 
adding trichloroacetic acid to bring the pH to 1-0. 
After removing the cup contents, sodium hydroxide 
was added to bring the pH to 5-0, and the methanol 
distilled in the Markham (1942) apparatus. The 
methanol in a sample of the distillate was deter- 
mined colorimetrically by Holden’s (1945) modifi- 
cation of a method originally used by Schryver & 
Wood (1920). Fig. 1 shows that the production of 
methanol runs parallel to the liberation of carboxyl 


groups. 





100 120 140 160 180 
Time (min.) 


0 2 40 60 80 


Fig. 1. Relationship between methanol production and 
manometric estimation vf CO,. The manometer cups 
contained 1-0 ml. 2% Chivers pectin, 0-5 ml. enzyme 
solution and 0-5 ml. 0-3mM-NaHCO,. ——, Methanol 
production; — - —, CO, output. 


Control experiments, using pectin which had 
previously been demethylated by cold 0-1 N-sodium 
hydroxide, were set up, and were found to give no 
gas output. The spontaneous demethylation of 
pectin at pH 7:8 is negligible. 


Table 1. Relationship between growth medium and 
production of the adaptive enzyme pectin esterase 


Enzyme 

Growth medium containing activity 
Glucose = 
Galacturonic acid + 
Pectin + 
Pectin, previously demethylated by 0-1N-NaOH + 


Galactose 


Adaptive nature of the enzyme. After subculture 
into a medium containing no pectin, viz. tryptic 
digest of casein+ glucose + marmite, the organism 
was sown into the same medium, and after 7 days 
of growth, the procedure for the preparation of the 
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enzyme followed. The resulting powder when 
rubbed up with water had a negligible demethy]l- 
ating action on pectin. When other carbohydrates 
were substituted for glucose in the growth medium, 
the enzyme activities found were as shown in 
Table 1. 


200 
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Volume of CO, (411./10 min.) 
8 


20 


0 025 O05 O75 10 125 15 
Enzyme concentration (mi./manometer cup) 
Fig. 2. Variation in reaction velocity with enzyme con- 
centration. The manometer cups contained 1-0 ml. 3% 
pectin, and 0-5 ml. 0-3m-NaHCO,. 


Volume of CO, (.1./10 min.) 
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012% 

Fig. 3. Variation in rate of reaction with concentration of 

citrus pectin. The manometer cups contained 0-5 ml. 

0-3m-NaHCO, (in the main cup) and 0-5 ml. enzyme 
solution (side bulb). 


Enzyme kinetics 

Variation of reaction velocity with enzyme con- 
centration. Fig. 2 shows that the rate of the reaction 
is proportional to the enzyme concentration over 
the range studied. 

Substrate concentration. The variation of the rate 
of the reaction with the concentration of citrus 
pectin is shown in Fig. 3. The concentration of 
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pectin required to give a reaction velocity half that 
of the maximum velocity is 0-12%; and that 
required to give maximum velocity is 1-0%. These 
figures represent concentrations of 0-75 mg. 
OCH;,/100 ml. and 6-2 mg. OCH,/100 ml. respec- 
tively. 


140 
120 


100 


80 


Volume of CO, (j!./10 min.) 


65 7-0 75 8-0 8-5 
pH 


Fig. 4. Variation in reaction velocity with pH. The mano- 
meter cups contained 1-0 ml. 3% pectin and 0-5 ml. of 
the required NaHCO, buffer solution (main cup) and 
0-5 ml. enzyme solution (side bulb). 


Volume of CO, (jx 1./10 min.) 
3 


20° a 30° = 
Temp. 


Fig. 5. Variation of reaction velocity with temperature. 
The manometers contained 1-0 ml. 3% pectin, 0-5 ml. 
0-3M-NaHCO, (main bulb) and 0-5 ml. enzyme (side 
bulb). 


pH effect. The use of bicarbonate buffer restricts 
the manometric method to the pH range from 6-6 
to 8-1. The variation of the activity of an enzyme 
solution, as measured by the initial steady rate of 
gas output, was investigated over this range; the 
results are shown in Fig. 4. All subsequent experi- 
ments were carried out at pH 7-8. 

Effect of temperature. The activity of the enzyme 
was tested at four different temperatures. Fig. 5 
shows the increase of velocity with increasing 
temperature. The change in pH caused by the 
change in temperature is so small as to be negligible. 
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Substrate specificity of the enzyme. As the action 
of the enzyme involves the splitting of an ester 
linkage, the specificity for various ester links was 
investigated. Samples of pectins from different 
sources were all attacked by the enzyme. These 
included British Drug Houses citrus pectin, ‘100 
grade’, with OCH, content 4:2% as determined 
with the gravimetric micro-Zeisel apparatus; 
Hopkins and Williams pectin (source unknown, 
4:0% OCH,); spray-dried apple pectin (2-64% 
OCH,) and citrus pectin (6-2% OCH,). 

With each of these pectins it was found that the 
enzyme split about 75% of the methylated ester 
linkages (with Hopkins and Williams pectin, 75%; 
British Drug Houses pectin, 79%; apple pectin, 
75%, and Chivers pectin 74%). 

The pectin chain consists of 1:4 «-linked galact- 
uronic acid units, the carboxyl groups of which 
may be esterified with methanol. A sample of the 
methyl ester of «-methylgalacturonic acid was 
synthesized and tested as a substrate for the 
enzyme. Neither this, nor a sample kindly given 
by Dr J. S. D. Bacon, was split by the pectin 
esterase at a concentration of 8-5 mg. ester/ml. This 
fact might provide an explanation for the incomplete- 
ness of the demethylation by the pectin esterase 
preparation. The enzyme preparation contains also 
a pectinase, which breaks the pectin chain to yield 
reducing material, presumably galacturonic acid or 
its methyl ester, or degraded fragments. If some 
methyl ester were in fact produced in the course of 
a manometric experiment, demethylation of the 
whole pectin molecule could not be complete, as the 
ester is not attacked by the pectin esterase. How- 
ever, more recent work on the pectinase from 
Ps. prunicola has shown that an enzyme solution of 
similar pectin esterase activity to that used in the 
above experiments possesses a very feeble pectinase 
activity under the experimental conditions used, 
and that this activity could not explain the fact 
that 25% of the methyl ester links are not broken 
by the pectin esterase. Since the micro-Zeisel 
apparatus estimates both ethoxyl and methoxyl 
groups, some of the unbroken ester links may be 
esterified with ethanol, and the possibility exists 
that these cannot be attacked by the enzyme. 

The enzyme preparation does not attack ethyl 
acetate or ethyl oxalate; but tributyrin, triacetin, 
diacetin and monoacetin are all attacked. The di- 
and mono-butyrins were not available for test. The 
volumes of CO, obtained from the four glycerides 
tested were in each case less than theoretical, 
viz. tributyrin 66 %, triacetin 71%, diacetin 67%, 
monoacetin 75 % of theoretical. Addition of further 
amounts of enzyme after the reaction had ceased 
caused no further evolution of CO,. In order to see 
if the enzyme catalyzed the back reaction between 
glycerol and acetic acid, manometers were set up 
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containing 1 ml. 15% glycerol solution, 1-0 ml. 
0-1 m-sodium acetate, 0-5 ml. 0-3 M-bicarbonate 
solution and 0-5 ml. of the enzyme solution. Occur- 
rence of the back reaction would have given rise to 
an uptake of CO, from the system, but in fact no 
such uptake was observed. Under these conditions, 
therefore, no back reaction takes place, so that the 
incompleteness of the de-esterification cannot be due 
to the existence of an equilibrium between the back 
and forward reactions. 

A crude acetone-powder preparation from liver, 
which contained an active esterase, had no pectin- 
esterase activity when tested by the manometric 
method. Consequently, liver esterase has no pectin- 
esterase activity under these conditions, although 
the enzyme preparation from Ps. prunicola has an 
esterase action on glycerol esters. This could, how- 
ever, be due to the presence of esterases in the crude 
enzyme preparation, although the non-inhibition 
by dizsopropy] fluorophosphonate does not support 
this view (see below). 

Inhibitors. The rate of CO, output remained 
unchanged in the presence of 0-01 M-copper sulphate, 
potassium cyanide, ferrous sulphate, sodium azide 
and iodoacetate. A final concentration of 0-0001 m- 
diisopropyl fluorophosphonate, which was sufficient 
to cause 100% inhibition of liver esterase, had a 
negligible effect on the reaction towards pectin and 
tributyrin. Tannic acid (0-001Mm), which is said to 
inhibit the action of pectinases (Kertesz, 1936), 
caused no inhibition of the pectin-esterase reaction. 
The enzyme and pectin solutions were submitted to 
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dialysis against tap water and then distilled water, 
and the activity determined in the presence and 
absence of sodium chloride and sodium oxalate, 
which have been reported as being necessary for 
activation of the enzyme from tomatoes (Hills & 
Mottern, 1947). The velocity of the reaction was 
increased 20% by 0-05 m-sodium chloride, but was 
unaffected by 0-002 m-oxalate. 

Further work is being carried out on the pectinase 
enzymes produced by Ps. prunicola, and on the 
separation of the pectin esterase and pectinase 
enzymes. 


SUMMARY 


1. A manometric method is described for the 
determination of pectin-esterase activity, and has 
been used to investigate some of the properties of 
such an enzyme obtained from Ps. prunicola. 

2. The exo-enzyme, produced by Ps. prunicola, 
is formed adaptively in response to growth in the 
presence of pectin, pectate, and galacturonic acid. 

3. The enzyme preparation splits off 75% of the 
methoxyl groups (estimated by the micro-Zeisel 
apparatus) of various pectins, and also hydrolyzes 
tributyrin, triacetin, diacetin and monoacetin, to 
the extent of approximately 70%. It has no action 
on ethyl acetate, ethyl oxalate or the methyl ester 
of «-methylgalacturonic acid. 


I wish to express my thanks to Dr M. Stephenson, F.R.S., 
Dr R. Hill, F.R.S., Dr E. F. Gale and Dr W. J. Dowson for 
their interest and advice, and to the Agricultural Research 
Council for a personal grant. 
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The Measurement of the Cytochrome Oxidase Activity 
of Enzyme Preparations 


By E. C. SLATER (British Council Scholar), The Molteno Institute, University of Cambridge 


(Received 11 August 1948) 


Cytochrome oxidase has been defined by Keilin & 
Hartree (1938) as the enzyme responsible for the 
oxidation of reduced cytochrome c. The activities 
of oxidizing enzymes are usually measured by 
determining the rate of O, uptake in the presence 
of excess substrate. This method is, however, 
scarcely applicable in \the case of cytochrome 
oxidase, since the amount of reduced cytochrome c 
required to give a measurable uptake of O, in the 


types of manometers usually employed is too great 
(thus 3-3 ml. of 0-1% reduced cytochrome c 
requires only 1-1 pl. O, for complete oxidation). The 
rate of oxidation of cytochrome ¢ can be measured. 
spectrophotometrically (e.g. Albaum, Tepperman & 
Bodansky, 1946), but the apparatus required is not 
always available. Consequently an indirect method 
is usually employed in which the rate of O, uptake 
of the system 


reducing agent —> cytochrome c —> cytochrome oxidase —> O, 
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(the arrows indicating the direction of hydrogen 
or electron transfer) is measured. It is generally 
believed that, under the conditions of the experi- 
ment, cytochrome c is reduced by the reducing 
agent as soon as it is oxidized by the cytochrome 
oxidase oxygen, and so the rate of O, uptake is a 
measure of the cytochrome oxidase activity. This 
method has frequently been employed in the study 
of the action of inhibitors on the cytochrome oxidase 
system, and it is often assumed, without further 
examination, that any decrease in the rate of O, 
uptake is due to inhibition of the enzyme. 

It has been shown (Slater, 1948a, 1949a) that 
treatment of heart-muscle preparation with BAL 
(2:3-dimercaptopropanol) causes the complete in- 
activation of the succinic oxidase system. As 
cytochrome oxidase is a part of this system, the 
effect of BAL on this enzyme was also studied. It 
was found that there was little if any inhibition 
when ascorbic acid or hydroquinone was used as 
the reducing agent in the measurement of the cyto- 
chrome oxidase activity, but a considerable in- 
hibition (30-40%) if p-phenylenediamine was the 
reducing agent. To investigate this further, a study 
has been made of the factors involved in the 
measurement of cytochrome oxidase activity. 

The present paper reports the results of this 
study. Under the conditions usually employed in 
making this measurement, the rate of O, uptake 
was found to depend not only on the cytochrome 
oxidase activity, but also on the concentrations of 
cytochrome c and reducing agent, and on factors 
which affect the catalytic activity of the cyto- 
chrome c. A procedure suitable for studying the 
true activity of cytochrome oxidase, independently 
of these factors, is described. A preliminary account 
of some of the findings of this investigation has 
appeared elsewhere (Slater, 19485). 





METHODS 


Cytochrome oxidase. The heart-muscle preparation of 
Keilin & Hartree (19476) was used. 

Cytochrome c, containing 0-34% Fe, was prepared by the 
method of Keilin & Hartree (1945). The solution contained 
6-7 x 10-*m-cytochrome c in 0-5°% NaCl. 

Phosphate buffer. A Sorensen phosphate buffer, pH 7-3, 
was used. 

Manometric experiments were carried out in Barcroft 
differential manometers at 38°. The reducing agent was 
added (by displacement of a dangling tube) at zero time, 
after temperature equilibration. Readings were begun 
3 or 5 min. after the addition. In all experiments the gas 
phase was air. 


RESULTS 
Reducing agents 


Table 1 lists various reducing agents commonly 
employed for the manometric estimation of cyto- 
chrome oxidase activity, together with their 
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Table 1. Capacity of various reducing agents 
to reduce cytochrome c 


(E,y’ of cytochrome c=0-262 V. at pH 7-3, 30° (Stotz, 
Sidwell & Hogness, 1938a@). Initial concentrations: re- 
ducing agent, 0-05; oxidized cyt. c, 6 x 10-m. The figures 
in the third column correspond to the equilibrium state 
after the reducing agent has been oxidized by the absorp- 
tion of 100 ul. O,. Total vol. 3-3 ml.) 


Cyt. c in 

reduced 
form 
Reducing agent 4,’ at pH 7-3, 30° (V.) (%) 
Ascorbic acid 0-049 (Ball, 1937) 99-9 
Hydroquinone 0-255 84-4 
Catechol 0-354 (calculated from Ball 9-4 

& Chen, 1933) 

Adrenaline 0-364 (calculated from Ball 7-6 


& Clark, 1931) 


oxidation-reduction potentials at pH7-3. It also 
shows the proportion of cytochrome c in the reduced 
form, at equilibrium, when the initial concentration 
of reducing agent was 0-05Mm, that of oxidized 
cytochrome c was 6 x 10-°M, and the reducing agent 
has been oxidized by the absorption of 100 pl. O,, 
the total volume of the solution being 3-3 ml. It is 
obvious that catechol and adrenaline are not satis- 
factory reducing agents. It was found, in fact, that 
the rate of O, uptake, corrected for blank (see 
p. 307), of 0-05 m-catechol, 6 x 10-5m-cytochrome ¢ 
and enzyme preparation, was only 21% that of the 
similarly corrected figure obtained for the same 
concentration of hydroquinone in the presence of 
the same concentration of cytochrome c and the 
same enzyme preparation. Unfortunately, the oxi- 
dation-reduction potential of p-phenylenediamine, 
one of the most useful reagents for the determina- 
tion of cytochrome oxidase activity, cannot be 
determined at pH 7-3. Thus Clark, Cohen & Gibbs 
(1926) stated that ‘attempts to measure the system 
by which p-phenylenediamine is the reductant were 
frustrated by the extreme instability of the system’. 
Fieser (1930) reported no success with measurements 
in solutions less acid than pH 5. Barron (1939) 
calculated, by extrapolation of the data of Fieser at 
acid reactions, that the Ey at pH 7-0 of p-phenylene- 
diamine would be + 0-381 V., i.e. in the same region 
as catechol and adrenaline. Stotz, Sidwell & 
Hogness (19386), on the other hand, state that p- 
phenylenediamine possesses a much lower potential 
than hydroquinone and is even capable of reducing 
cytochrome b (E,= —0-04 V.). However, neither 
Borei (1945) nor the author has been able to con- 
firm this reduction of cytochrome 6. 

It must be emphasized that the figures given in 
Table 1 are theoretical, calculated from the oxida- 
tion-reduction potentials, assuming a simple oxi- 
dation of the reducing agent, without further 
reaction of the oxidized form. Ball & Chen (1933) 
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pointed out that the substance with the higher 
oxidation-reduction potential can reduce that with 
the lower if the oxidized state of the former is 
unstable. For example, adrenaline can reduce 2:6- 
dichlorophenolindophenol at pH 7, although origi- 
nally only about 0-1 % of the dye would be reduced, 
and the equivalent amount of adrenaline oxidized. 
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Boss & Friedenwald (1946) reported that cyto- 
chrome c had no effect on the oxidation. These 
discrepancies are possibly due to differences in the 
amounts of impurities in the cytochrome c¢ pre- 
parations used in the different investigations. The 
cytochrome c-catalyzed oxidation of ascorbic acid 
is probably not inhibited by heart-muscle prepara- 


Table 2. Rates of oxidation of reducing agents in the absence of enzyme 


(Phosphate buffer, 0-15M, pH 7-3; total vol. 3-3 ml.) 


Concentration Cyt. ¢ 

Reducing agent (mM) absent 
Hydroquinone 0-017 107 
0-05 294 
Catechol 0-017 42 
0-05 177 
p-Phenylenediamine 0-057 27 
Ascorbic acid 0-0017 24 
0-0085 80 
0-017 122 

0-026 156f 


* See Fig. 1 and text, p. 308. 


‘Blank’ 
Initial rate of O, uptake (l./hr.) obtained by 
extrapolation* 
With With With in presence of 
2x10-5m- 4x10-°m- 6x10-°M- 6 x 10->m- 
cyt. c cyt. c cyt. c cyt. ¢ 
— — 125 — 
oa — 303 300 
as a 51 ou 
— — 193 196 
— _ 43 27 
ans cag 16 _ 
= ra 53 —_ 
_ amet 81 76 
91 93 101 — 


+ Correction for lower concentrations is negligible. 
t Rate of O, uptake in presence of heart-muscle preparation (0-3 mg. dry wt./ml.) =80 yl./hr. 


The oxidized adrenaline quickly decomposes and, 
in order to restore the equilibrium, more of the dye 
must be reduced. In this way the reduction of the 
dye can proceed to completion. A similar situation 
may exist with respect to the reduction of cyto- 
chrome ¢ by p-phenylenediamine or adrenaline. 
The reaction with adrenaline is very complex (see 
p. 308). 

The reducing agents listed in Table 2 are oxidized 
to a certain extent in the absence of the enzyme. 
This so-called ‘auto-oxidation’ is due to catalysis by 
traces of heavy metals present in the reagents, and 
its magnitude depends on the purity of the ye- 
agents and on the pH. It must be determined as a 
‘blank’ and subtracted from the total O, uptake in 
order to obtain a measure of the cytochrome oxi- 
dase activity. However, this ‘blank’ may not be 
the same in the presence of heart-muscle prepara- 
tion as in the buffer solution alone, e.g. the oxidation 
of ascorbic acid, which is catalyzed by traces of 
heavy metals (Barron, De Meio & Klemperer, 
1935-6), is inhibited by heart-muscle preparation 
(see footnote to Table 2, and also Borei, 1945), 
probably because —SH groups in the latter react 
with traces of Cut++ present in the solution. Table 2 
shows that it is also inhibited by small concentra- 
tions of cytochrome c, although larger concentra- 
tions of the latter catalyze the oxidation. Borei 
(1945) reported catalysis of the oxidation of 
ascorbic acid by cytochrome c, but did not find 
any inhibition by small concentrations; Herrmann, 


tion, since, according to Borei (1945), it is not 


affected by diethyldithiocarbamate, a copper- 
250 
— 200 
£ 
C 
ve 150 
= 
a 
> 
© 100 
3 
: 
= 50 
0 
0 002 004 006 008 010 «= O2 


Concentration of heart-muscle preparation (mg./ml.) 


Fig. 1. Method of calculating ‘blank’ by extrapolation 
to zero enzyme concentration. 0-017M-Ascorbic acid 
(neutralized), 0-15M-phosphate buffer, vol. 3-3 ml. 
Ascorbic acid introduced from dangling tube after 
equilibration. ©, rate of oxidation in presence of 
6 x 10-5m-cytochrome ¢ and varying amounts of heart- 
muscle preparation; @, 6x10->m-cytochrome c¢, no 
enzyme; ©, no cytochrome or enzyme. (Note that the 
higher rates of O, uptake compared with the figures given 
in Table 2 are due to the use of a different phosphate 
buffer.) 


binding reagent which strongly inhibits the copper- 
catalyzed oxidation of ascorbic acid. 
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Probably the best method of determining the 
true ‘blank’ oxidation is that of Schneider & Potter 
(1943), in which the rates of O, uptake in the 
presence of a constant concentration of reducing 
agent and cytochrome c, but with varying concen- 
trations of enzyme, are extrapolated to zero enzyme 
concentration. An example of this method is shown 
in Fig. 1, and the values obtained are included in 
Table 2. With all four of the reducing agents studied, 
these values are only slightly different from those 
obtained by direct measurement in the presence of 
cytochrome c and in the absence of enzyme. All 
measurements reported in this paper have been 
corrected for the blank. 





300 


200 


O, uptake (pI.) 





0 10 20 30 40 50 60 
Time (min.) 


Fig. 2. O, uptake of adrenaline. 0-15M-Phosphate buffer, 
3-3 ml. total vol. 10mg. solid adrenaline added at 
(zero-5) min. by dislodging dangling tube; manometric 
measurements commenced at zero time. 


Concentration of heart- 
muscle preparation 


Concentration of 
cytochrome c 


Curve (M) (mg. fat-free dry wt./ml.) 
1 0 0 
2 6 x 10-5 0 
3 6 x 10-5 0-019 
4 6 x 10-5 0-07 
5 6 x 10-5 0-14 
6 6 x 10-5 . 0-28 


Adrenaline is only slowly oxidized in the absence 
of cytochrome c or of cytochrome oxidase (Fig. 2). 
The oxidation is, however, strongly catalyzed by 
cytochrome c, and the course of this reaction shows 
that the oxidation products of adrenaline strongly 
catalyze the latter’s oxidation at a rate which masks 
that due to the cytochrome oxidase system, when 
the latter is added. Thus, addition of cytochrome 
oxidase decreases the initial lag of the oxidation 
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which occurs in the presence of cytochrome c¢ 
alone, but does not appreciably increase the 
maximum rate of oxidation. This is clearly seen in 
Fig. 3, where the uptakes in the first 5 min. and the 


50 


30 


20 


Rate of O, uptake (21./5 min.) 





0 01 02 03 
Concentration of heart-muscle preparation (mg./ml.) 


Fig. 3. Rate of O, uptake of adrenaline in the presence of 
different concentrations of heart-muscle preparation 
(calculated from Fig. 2). 6x10-°m-cytochrome c¢; 
0-15M-phosphate; total vol. 3-3 ml.; 10 mg. adrenaline. 
Curve 1, oxygen uptake between zero time (5 min. after 
adding adrenaline) and 5 min; curve 2, maximum rate of 
O, uptake. 
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Fig. 4. Course of the O, uptake of 0-017M neutralized 
ascorbic acid (curve 1), 0-05M-p-phenylenediamine 
(curve 2), 0-05m-hydroquinone (curve 3), each in the 
presence of 6 x 10-'m-cytochrome c and _heart-muscle 
preparation (0-28 mg./ml.). Total vol. 3-3 ml.; 0-15m- 
phosphate buffer. Reducing agents added at (zero—5) min. 


maximum rates of O, uptake are plotted against 
the enzyme concentration. Thus, although in the 
presence of cytochrome ¢ and enzyme, adrenaline, 
after an initial lag, shows a constant rate of O, 
uptake, this measurement is useless for the measure- 
ment of cytochrome oxidase activity. The fact that 
this rate of O, uptake is about the same as that 
obtained with other reducing agents in the presence 
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of cytochrome ¢ and the amount of heart-muscle 
preparation usually employed in these studies is 
purely a coincidence; it is the reason why this 
effect of cytochrome c and the oxidation products 
of adrenaline on the latter’s oxidation has not 
previously been observed. 

The course of the O, uptake with the other 
reducing agents used is shown in Fig. 4. In the 
case of hydroquinone and p-phenylenediamine, the 
rate of O, uptake decreased with time, and the 
initial rate, obtained by extrapolation to zero time, 
was used as the measure of activity. This decrease 
with time is presumably due to the toxic action of 
the reducing agent or of its oxidation product. 
Ascorbic acid showed a slight lag, and the maximum 
uptake was obtained 10-15 min. after the addition, 
and was then constant for the next 10-15 min. This 
constant maximum rate was used as the measure of 
activity. 


Effect of cytochrome ce concentration 


As has been pointed out by Keilin & Hartree 
(1940), the amount of cytochrome c in the heart- 
muscle preparation is nearly sufficient to oxidize 
succinate at the maximal rate; the addition of a 
large excess of cytochrome c increases the rate of 
oxidation of succinate by only about 20%. This 
shows that the endogenous cytochrome ec of the 
heart-muscle preparation can be rapidly reduced by 
succinate (through intermediate carriers) and, more 
important in the present connexion, can be rapidly 
oxidized by the cytochrome oxidase. Keilin & 
Hartree (1938) showed, however, that, with the 
exception of p-phenylenediamine, none of the 
reducing agents studied was oxidized by heart- 
muscle preparation at an appreciable rate, unless 
cytochrome c was added. Since the oxidation of 
cytochrome ¢ is common to both the oxidation of 
succinate and of these reducing agents, the dif- 
ference between the rates of oxidation of succinate 
and of the reducing agents must lie in the relative 
rates of reduction of the endogenous cytochrome c. 
It is interesting to note, in this connexion, that the 
reduction by succinate is an enzymic reaction, while 
that by ascorbic acid is non-enzymic. 

The rate of reduction of the endogenous cyto- 
chrome c of the heart-muscle preparation by 
0-025 m-ascorbic acid was determined under com- 
pletely anaerobic conditions in the presence of 
0-01m-KCN. The heart-muscle preparation con- 
tained 2-3 x 10-5m-cytochrome c (Slater, 1949b), 
ie. 2°3x 10-2 micromole/ml. and this was half 
reduced in about 25 sec. at 20°. If we assume that 
the reduction of cytochrome ¢ is monomolecular 
it can be calculated that the initial rate of reduction 
is 3-8 x 10-2 micromole cytochrome c/min./ml. of 
heart-muscle preparation. Such a reaction would 
cause the uptake of 13 yl. O,/hr./ml. of heart-muscle 
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preparation. Owing to the low concentration of the 
cytochromes and their high catalytic activity, 
spectroscopic observations are usually made with 
the undiluted heart-muscle preparation, while only 
0-02 ml. of the preparation is taken in the mano- 
metric experiments. Thus the rate of O, uptake in 
the manometric experiments due to this reaction 
would be 0-02 x 13=0-26 yl./hr., which is negligible 
even when allowance is made for the higher tem- 
perature in the manometric experiments. Under 
the same conditions, 0-05 M-p-phenylenediamine 
reduced the endogenous cytochrome c¢ almost in- 
stantaneously (<5 sec.). 






-075 -05 ~-025 0 025 05 075 10x 10° 
=) 
Qo, Weer) 
2000 


6x10 


Concentration of added cyteshrome c (m) 


Fig. 5. A, effect of concentration of cytochrome ¢ on 
the rate of oxidation of ascorbic acid in the presence of 
heart-muscle preparation. Ascorbic acid, 0-025m; NaCl, 
0-0008M; 0-51 mg. heart-muscle preparation (wt. of fat- 
free dried material); total vol. 3-3 ml. Curve 1, 0-01M- 
phosphate buffer; curve 2, 0-065m-phosphate buffer; 
curve 3, 0-146m-phosphate buffer. 3B, figures in A, 
plotted according to the procedure of Lineweaver & 
Burk (1934). 


The rate of reduction of the cytochrome c of the 
heart-muscle preparation by ascorbic acid is much 
less than that of the same concentration of pure 
cytochrome c, which was reduced almost instan- 
taneously. In this respect, ascorbic acid behaves 
in the same way as cysteine, already studied by 
Keilin (1930). 

The effect of the concentration of cytochrome c 
on the rate of O, uptake of ascorbic acid (corrected 
for ‘blank’) in the presence of heart-muscle pre- 
paration at different concentrations of phosphate 
buffer is shown in Fig. 5A. In Fig. 5B these figures 
have been plotted according to the procedure of 
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Lineweaver & Burk (1934), i.e. the inverse of the 
activity against the inverse of the cytochrome c 
concentration. In Fig. 6A, B, similar data are given 
for p-phenylenediamine oxidation in 0-15 m-phos- 
phate. The difference between ascorbic acid and 
p-phenylenediamine is most clearly seen in Fig. 7, 
which shows the result of parallel experiments 
obtained with the same heart-muscle preparation 
in 0-065 m-phosphate. 





1/Qo, B 
0-002 


0-001 


-02 -01 0 01 02 03 04 05x 10° 





-2 0 2 4 6x10 
Concentration of added cytochrome c (™) 

Fig. 6. A, effect of concentration of cytochrome c on the 
rate of oxidation of p-phenylenediamine in the presence 
of heart-muscle preparation. p-Phenylenediamine, 
0-05m; phosphate buffer, 0-15m; 1-02 mg. heart-muscle 
preparation (wt. of fat-free dried material); total vol. 
3-3 ml. The curve has been extrapolated to the abscissa 
by assuming that the points fall on a rectangular hyper- 
bola. B, figures in A, plotted according to the procedure 
of Lineweaver & Burk (1934). 


The endogenous cytochrome c, which can be 
reduced rapidly by p-phenylenediamine but not by 
ascorbic acid, is much more active catalytically 
than added cytochrome c. Thus, by the extra- 
polation shown in Fig. 6A, it was found that in 
0-15 m-phosphate, the endogenous cytochrome c 
had a catalytic activity equal to that of 2-5 x 10-5m 
added cytochrome c. The actual concentration of 
endogenous cytochrome c was 2-8 x 10-’M, i.e. the 
endogenous cytochrome c was about 100 times as 
active as that in solution (cf. Keilin, 1930; Keilin & 
Hartree, 1940, 1945). The corresponding ratio of 
activities in 0-065M-phosphate, calculated from 
Fig. 7, was 40. It is not surprising that the endo- 
genous cytochrome ¢ should be so much more active 
than that added, since the cytochrome ec firmly 
bound to the particles of the heart-muscle prepara- 
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tion is probably in the most favourable position for 
the transfer of electrons to cytochrome oxidase. 
The relative slopes of the two curves in Fig. 7B 
show that when p-phenylenediamine is the reducing 
agent, not only is the endogenous cytochrome c¢ 
more effective than is the case when ascorbic acid 
is used as a reducing agent, but added cytochrome c 
is also more effective.* It is important to note, 
however, that the activity at infinite cytochrome c 
concentration is independent of the reducing agent. 





0 2 4 6x10* 
Concentration of added cytochrome c (m) 

Fig. 7. A, effect of different concentrations of cytochrome ¢ 
on the rate of oxidation of ascorbic acid and p-phenylene- 
diamine. Phosphate buffer, 0-065m; 0-41 mg. (fat-free 
dry wt.) heart-muscle preparation; total vol. 3-3 ml. 
Curve 1, p-phenylenediamine (0-05), extrapolated as in 
Fig. 6A; curve 2, ascorbic acid (0-025m). B, figures in A, 
plotted as in Figs. 5A and 6A. 


These experiments show that very large concen- 
trations of cytochrome c are required for maximal 
activity of the cytochrome oxidase, especially when 
ascorbic acid is the reducing agent and high con- 
centrations of phosphate buffer are employed. Thus 
it can be calculated from Fig. 5B that, in 0-146m- 
phosphate, 10-*m-cytochrome c (=16 mg./ml.) is: 
required to give 90% of the maximum activity. 
This is about 100 times the concentration of total 
protein contributed by the heart-muscle prepara- 
tion itself, and obviously it would be quite impos- 
sible to have such concentrations of cytochrome ¢ 
in the cell itself. This finding is another example of 


* This effect of reducing agent on the activity of the 
added cytochrome ¢ is much more marked at 0-065mM- 
phosphate than at 0-15M. 
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the poor catalytic activity of cytochrome c¢ in 
solution compared with that in the cell. In 0-01 m- 
phosphate, 1-2 x 10-4m-cytochrome c¢ is necessary 
for 90% activity. It follows that it is impossible 
to measure directly the full activity of the cyto- 
chrome oxidase present in 0-5 mg. heart-muscle 
preparation by determining the rate of oxygen 
uptake in the presence of excess cytochrome c. This 
can be done only by measuring the activity at 
different cytochrome c concentrations and extra- 
polating to infinite concentration. The concentra- 
tions of cytochrome c found in the present study to 
be necessary for maximal activity of the cytochrome 
oxidase are very much greater (about 10 times) than 
those found by Stotz, Altschul & Hogness (1938) 
and Borei (1945). This is probably due to the much 
greater activity of the heart-muscle preparation 
used in the present study. The inhibitory effect of 
high cytochrome ¢ concentrations on the oxidation 
of p-phenylenediamine by heart-muscle prepara- 
tion, reported by Borei, was not found in the 
present study. 


Effect of phosphate concentration 


The effect of the concentration of the phosphate 
buffer on the rate of oxidation of ascorbic acid in the 
presence of a fixed concentration of cytochrome c 
and ascorbic acid is shown in Fig. 8. The amount 
of ascorbic acid used was the same as that in Fig. 5, 
and the amount of cytochrome ¢ was the highest 
concentration used in Fig. 5; the same enzyme 
preparation was used. From Fig. 5B, the maximum 
activity (i.e. at infinite cytochrome c concentration) 
can be calculated from the point at which each 
straight line intersects the ordinate, which equals 
the inverse of the maximum activity. The point 
at which the line intersects the abscissa equals 
— 1/(eyt. c)3, where (cyt. c); is the concentration of 
cytochrome ¢ required for half maximal activity. 
These quantities, calculated from Fig. 5B, are given 
in Table 3, which also includes the activities in the 
presence of 6 x 10-5m-cytochrome c. The difference 
in the slopes of the lines in Fig. 5B at different 
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phosphate concentrations shows how dangerous it 
is to measure the activity at only one cytochrome c 
concentration. Thus, at all concentrations of cyto- 
chrome ¢ shown in Fig. 5, the activity in 0-146 m- 
phosphate was less than that in 0-01 M-phosphate, 
but the curves show that, if excess cytochrome c was 
used, the activity of the cytochrome oxidase at 
0-146M-phosphate would be nearly double that at 
0-01mM-phosphate (Table 3). In order to measure 
the true activity of the cytochrome oxidase it is 
necessary to measure the activity at different cyto- 
chrome c¢ concentrations and extrapolate to infinite 
cytochrome ¢ concentration. 


Qo, 
3000 


1000 


0 01 02 03 04 
Concentration of phosphate buffer (M) 


Fig. 8. Effect of phosphate concentration on rate of oxida- 
tion of ascorbic acid (0-025m) in the presence of cyto- 
chrome c (6x10-'m) and heart-muscle preparation 
(0-154 mg. fat-free dry wt./ml.); total vol. 3-3 ml. 
O, activities measured under these conditions; @, acti- 
vities at infinite cytochrome ¢ concentration, calculated 
from Fig. 5B. 


Keilin & Hartree (1949) (see also Slater, 1949c) 
have shown that the activity of the succinic oxidase 
system of the heart-muscle preparation is dependent 
on the concentration of the phosphate buffer used. 
Figs. 5 and 8 show that the concentration of the 


Table 3. Effect of phosphate concentration on the cytochrome oxidase activity 
of heart-muscle preparation 


(Qo, measured at 38°; based on wt. of fat-free dried material.) 


(Cyt. c); =concentration of cytochrome c required for half maximal activity. 


Qo, 
a i a 
At infinite In presence of 
Phosphate cyt. c 6 x 10->M- 
concentration concentration cyt. ¢ B x 100 (Cyt. c); 
(m) (A) (B) A (a) 
0-01 1140 950 83 1-25 x 10-5 
0-065 3360 1840 55 5-4 x 10-5 
0-146 2040 890 Ad 9-3 x 10-5 
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buffer is also very critical so far as the cytochrome 
oxidase activity is concerned. When ascorbic acid 
is the reducing agent, the concentration of phos- 
phate buffer has two separate effects: (1) on the 
activity of the cytochrome oxidase itself, measured 
at infinite cytochrome c concentration; the con- 
centration of phosphate buffer which gives optimal 
activity is 0-065m; (2) on the catalytic activity of 
added cytochrome c; this catalytic activity may be 
measured either by the inverse of the concentration 
of cytochrome ¢ required for half-optimal activity 
or by the inverse of the slopes of the straight lines 
in Fig. 5B. The catalytic activity of added cyto- 
chrome ¢ decreases rapidly with increase of 
phosphate concentration, and is optimal at low con- 
centrations. Because the optimal phosphate concen- 
tration for this second effect is different from that 
required for the first, it follows that, as has already 
been mentioned, the effect of phosphate concen- 
tration depends upon the amount of cytochrome c 
used. 





Qo; 
1500 


1000 


0 01 02 03 04 
Concentration of phosphate buffer (M) 


Fig. 9. Effect of phosphate concentration on the rate of 
oxidation of p-phenylenediamine (0-05m) by _heart- 
muscle preparation in the absence of cytochrome c 
(curve 1) and in the presence of 6 x 10-°m-cytochrome c 
(curve 2). 0-29 mg. fat-free dry wt. heart-muscle pre- 
paration/ml.; total vol. 3-3 ml. 


When p-phenylenediamine is the reducing agent, 
in the absence of added cytochrome c, the second 
effect is no longer operative, but the effect of phos- 
phate on the catalytic activity of the endogenous 
cytochrome c must be considered. In this case, this 
factor is probably all important, except perhaps at 
high phosphate concentrations, since the system 
operates far below its full cytochrome oxidase 
activity. The effect of phosphate concentration on 
the rate of oxidation of p-phenylenediamine by 
heart-muscle preparation, both in the presence and 
absence of cytochrome c¢, is shown in Fig. 9. In the 
absence of added cytochrome c, the optimum 
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phosphate concentration is 0-08M, and the curve 
is much flatter than those already considered. In 
the presence of added cytochrome c (6x 10-5m) 
the curve is similar to that obtained with ascorbic 
acid. 

Keilin & Hartree (1949) found that the addition 
of denatured globin to heart-muscle preparation 
caused a considerable increase in the succinic oxi- 
dase activity, especially at low phosphate concen- 
trations; in fact, the inhibiting effect of low phos- 
phate concentrations is completely removed by the 
addition of globin. It was found in the present 
study, however, that denatured globin had little 
effect (it actually caused a slight inhibition) on the 
rate of oxidation of p-phenylenediamine by heart- 
muscle preparation at any of the phosphate con- 
centrations studied, either in the presence or 
absence of cytochrome c. 





-300 =250 -200 -150 -100 -50 0 50 100 150 
1/c (m) 





001 0015 0020 0025 


0 
0 0-005 
Concentration of ascorbic acid (M) 


Fig. 10. A, effect of ascorbic acid concentration on the 
rate ofits oxidation by heart-muscle preparation (0-15 mg. 
fat-free dry wt./ml.) in the presence of cytochrome c 
(6 x 10-5); total vol. 3-3 ml. Curve 1, 0-065 m-phosphate; 
curve 2, 0:146M-phosphate. Same heart-muscle prepara- 
tion as Figs. 5, 6. B, figures in A, plotted according to 
the procedure of Lineweaver & Burk (1934). 


Effect of concentration of reducing agent 


The effect of the concentration of ascorbic acid 
on the rate of O, uptake at two phosphate concen- 
trations is shown in Fig. 10. The activity (Qo,) at 
infinite ascorbic acid concentration is 980 in 
0-146M-phosphate and 1990 in 0-065m-phosphate. 
The effect of different concentrations of p-phenylene- 
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diamine is shown in Fig. 11. In this case, the inverse 
of the p-phenylenediamine concentration is not pro- 
portional to the inverse of the activity. 


Qo, 
800 


600 


neat 


200 


0 001 0-02 0-03 0-04 0-05 


Concentration of p-phenylenediamine (M) 


Fig. 11. Effect of p-phenylenediamine concentration on the 
rate of its oxidation by heart-muscle preparation (0-31 mg. 
fat-free dry wt./ml.) in the absence of cytochrome c 
(curve 1) and in the presence of 6 x 10-°m-cytochrome c 
(curve 2). 0-15m-phosphate concentration. 


These results show that, even in the presence of 
the highest concentrations of cytochrome c used in 
this study, the activity depends on the concentra- 
tion of the reducing agent, and higher activities 
would be obtained by using higher concentrations 
of reducing agent.* However, it should be noted 
that in the presence of 6 x 10-5m-cytochrome c the 
activity at infinite ascorbic acid concentration is 
considerably less than the activity at infinite cyto- 
chrome ¢ concentration, in the presence of a definite 
amount of ascorbic acid. The concentration of 
cytochrome c is therefore the limiting factor. 


* There are practical disadvantages in using too high 
concentrations of reducing agents, viz. the high ‘blanks’ 
often obtained and, in some cases, the toxicity of the 
reducing agents. 
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Effect of enzyme concentration 


The effect of two different enzyme concentrations 
on the rate of oxidation of ascorbic acid in the 
presence of different amounts of cytochrome ¢ is 
shown in Fig. 12. 


1/0, 
0006 





-02 0 02 0-4 06 08 
tfc (m-") 


Fig. 12. Effect of concentration of heart-muscle prepara- 
tion on the rate of oxidation of ascorbic acid (0-025M) in 
the presence of different concentrations of cytochrome c, 
plotted according to the procedure of Lineweaver & 
Burk (1934). Phosphate, 0-146m; total vol. 3-3 ml. 
Curve 1, 0-18 mg. (fat-free dry wt.) heart-muscle pre- 
paration/ml.; curve 2, 0-36 mg. heart-muscle prepara- 
tion/ml. 


10x10 


Recommended procedure for measuring 
cytochrome oxidase activity 


As a result of the experiments described above, 
the following procedure for measuring the cyto- 
chrome oxidase activity of the Keilin & Hartree 
(19476) preparation has been adopted. This pro- 
cedure should not be used with other preparations, 


Table 4. Recommended procedure for measuring cytochrome oxidase activity. 
Contents of right-hand flasks of the differential manometers 


Volume (ml.) 





Reagent c 
Flask no. 1 2 
Heart-muscle preparation diluted 10-fold 0-2 0-2 
with 0-1 m-phosphate buffer, pH 7-3 
Phosphate buffer, 0-1M 2-0 2-0 
Cytochrome c, 6-7 x 10-#m in 0-5% NaCl 0-1 0-15 
05% NaCl 0-2 0-15 
Water 0-5 0-5 
Ascorbic acid (50 mg./ml. neutralized) 0-3 0-3 
in dangling tube 
Total vol. 3-3 3:3 


3 4 5 6 7 8 
0-2 0-2 — — — — 
2-0 2-0 2-2 2-2 2-2 2-2 
0-2 0:3 0-1 0-15 02 0-3 
0-1 a 0-2 0-15 Ol a 
0-5 0-5 0-5 0-5 0-5 0:5 
0-3 0-3 0-3 03 03 03 
3-3 33 33 3-3 3-3 3-3 
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without first examining the effect of the various 
factors influencing the rate of O, uptake. 

One complete estimation requires eight mano- 
meters; four of these are, however, used for deter- 
mining the ‘blank’ oxidation at each level of cyto- 
chrome c, and these measurements need only be 
made once for each batch of phosphate buffer and 
cytochrome c. The right-hand flasks of the dif- 
ferential manometers are filled as shown in Table 4. 
The left-hand flasks each contain 3-3 ml. 0-065M- 
phosphate buffer, pH 7-3. KOH papers are not 
used. 

The manometers, with flasks attached, are placed 
in a bath at 38° and gently shaken for 15-25 min. 
for temperature equilibration. It is important that 
this shaking should not be too prolonged as it 
causes inactivation of the enzyme. The dangling 
tubes are then dislodged, and the manometers 
rapidly shaken (at about 140 shakes/min.). Readings 
are taken every 5 min. for 35 min. The maximum 
rate of O, uptake, which usually occurs 10-15 min. 
after adding the reducing agent and is maintained 
for a further 10-15 min., is calculated. If the 
maximum rates from the eight manometers are 
R,, R,, ...,R,, the activities (v) may be calculated 
as shown in Table 5. 
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in which Fe*+++ cyt.cand Fe++ cyt. c are the oxidized 
and reduced forms of cytochrome c. Reaction (1) 
is the non-enzymic reduction of cytochrome c, and 
reaction (2) is the enzymic oxidation. 

Cytochrome oxidase preparations, to which cyto- 
chrome c has been added, will catalyze the oxida- 
tion of any substance which can reduce cytochrome 
c sufficiently rapidly. Keilin (1930) showed that 
cysteine is such a substance, and other thiols would 
be expected to behave similarly. This has, indeed, 
been shown to be the case with the dithiol, 2:3- 
dimereaptopropanol (Webb & van Heyningen, 1947) 
and with sodium diethyldithiocarbamate (Keilin & 
Hartree, 1940). Ames & Elvehjem (1945) have 
found that cytochrome c+kidney homogenate 
catalyzes the oxidation of glutathione, but believe 
that this is due to the presence of a glutathione 
dehydrogenase. Since pure glutathione rapidly 
reduces pure cytochrome c, there does not seem any 
need to postulate the existence of such a dehydro- 
genase. In a later paper, Ames, Ziegenhagen & 
Elvehjem (1946) claim to have shown that inhibi- 
tors act differently on the systems involved in the 
oxidation of glutathione and ascorbic acid respec- 
tively. This question requires further investigation, 
since Ames et al. measured the rate of oxidation of 


Table 5. Calculation of cytochrome oxidase activities 


(c=cytochrome c concentration (M); v=cytochrome oxidase activity (corrected).) 


(c) I/ec Activity 
(m) (m-) (uncorr.) 
2x10-5 0-5 x 105 R, 
3x 10-5 0-33 x 105 R, 
4x10-5 0-25 = 105 R, 
6 x 10-5 0-167 x 10° R, 


The values for 1/v, when plotted against 1/c, 
should lie on a straight line; if this is extrapolated 
until it meets the 1/v axis at X, then the cytochrome 
oxidase activity = 1/X. 


DISCUSSION 
When a reducing agent (RH)* and cytochrome c 
are added to a cytochrome oxidase preparation, two 
consecutive reactions occur, viz. 


Fet++ cyt. c+RH—Fe*+ cyt. c+R+H*, (1) 
syt. Ox. 
Fet+ cyt.c+40,+H+ > °*> Fet++ cyt.c+4H,0. (2) 


Net reaction: RH+40,—R +4H,0, 





* Since the catalyzed rate of oxidation of a reducing 
agent is actually measured, the latter is often termed the 
‘substrate’ of the reaction. Such a terminology has been 
responsible for a confusion of thought, since the only 
enzyme substrate in the two reactions is cytochrome c 
which is oxidized by its specific oxidase, cytochrome 
oxidase. The reducing agent is not the substrate of an 
enzyme; its function is to reduce cytochrome ¢ by a non- 
enzymic reaction. 


Activity (corr.) 


Blank (v) : 1/v 
R; RR; 1/(R,-R;) 
R, R-R, 1/(R,—Re) 
R, R-R, 1/(Rj—R,) 
Rg R,-R, 1/(R,-Rs) 


glutathione by determining the rate of O, uptake, 
and used as enzyme an unwashed kidney homo- 
genate which has an appreciable endogenous re- 
spiration and probably also contains an appreciable 
concentration of metals which might catalyze the 
oxidation of glutathione and ascorbic acid. More- 
over, many of the inhibitors used, e.g. diethyldi- 
thiocarbamate, are themselves rapidly oxidized by 
tissue preparations in the presence of cytochrome ¢, 
and the degree of inhibition calculated will depend 
largely onthe manner of correcting for this oxidation. 
The method of making this correction is not stated 
by these workers. There seems to be no more 
evidence for the existence of a glutathione dehydro- 
genase than for dehydrogenases activating p-pheny- 
lenediamine, hydroquinone, cysteine, ascorbic acid, 
etc. 

It has been known for many years that tissue 
preparations are able to catalyze the oxidation of 
p-phenylenediamine. Keilin & Hartree (1938) 
showed that the addition of cytochrome ec to the 
tissue preparation resulted in a greatly increased 
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rate of oxidation, and suggested that the oxidation 
in the absence of added cytochrome ¢ was due to 
the cytochrome c present in the tissue preparation ; 
it was considered that this cytochrome c was acces- 
sible to p-phenylenediamine but not to the other 
reducing agents,-since the latter were not oxidized 
unless cytochrome c was added. Keilin & Hartree’s 
experiments did not exclude the possibility that 
enzyme preparations contained an alternative 
pathway for the oxidation of p-phenylenediamine, 
independent of cytochrome c and cytochrome 
oxidase. Stotz et al. (19386) suggested that cyto- 
chrome 6 offered such a pathway, since it could be 
reduced by p-phenylenediamine and the oxidation 
of this compound by tissue preparations was, in 
contrast to that of hydroquinone, not completely 
inhibited by cyanide. Since Borei (1945), Laki 
(1938) and the writer have failed to confirm these 
findings, this explanation seems unlikely. Another 
possible catalyst for the oxidation of p-phenylene- 
diamine by heart-muscle preparation is a copper- 
containing enzyme, like laccase. It is, however, 
most unlikely that heart-muscle preparation con- 
tains such an enzyme, since substances such as 
catechol, which are readily oxidized by laccase, are 
not oxidized by heart-muscle preparation. The 
present investigation has provided strong evidence 
in favour of Keilin & Hartree’s view, viz. that p- 
phenylenediamine is oxidized in the heart-muscle 
preparation only by the cytochrome c-cytochrome 
oxidase system. This evidence is: (1) the spectro- 
scopic observation that the cytochrome c in the 
heart-muscle preparation is much more rapidly 
reduced. by p-phenylenediamine than by other 
reducing agents, which explains the ability of the 
preparation to oxidize p-phenylenediamine in the 
absence of added cytochrome c; (2) an abnormal 
heart-muscle preparation, which contained very 
little cytochrome c, did not catalyze the oxidation 
of p-phenylenediamine, unless cytochrome c was 
added; (3) a kidney preparation, which did not 
rapidly oxidize succinate unless cytochrome ¢c was 
added, also required the addition of cytochrome c 
for the oxidation of p-phenylenediamine; (4) the 
activity of the cytochrome oxidase, measured by 
extrapolation to infinite cytochrome c¢ concentra- 
tion, was the same when p-phenylenediamine was 
used as the reducing agent as when ascorbic acid 
was used. 

Stotz et al. (1938) and Borei (1945) have con- 
cluded that cytochrome c forms with cytochrome 
oxidase a dissociable complex of the same type as 
postulated by Michaelis to occur between a soluble 
enzyme and its substrate. The only evidence on 
which they base this conclusion is that the effect of 
cytochrome c on the activity can be described by 
the Michaelis-Menten equation, which, when ex- 
pressed in the modified form of Lineweaver & Burk 
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(1934), postulates that the inverse of the activity 
bears a linear relationship to the inverse of the 
substrate concentration. However, it does not 
necessarily follow from such a relationship, which 
has also been obtained in the present work, that a 
dissociable complex is formed; the only conclusion 
which can be drawn with validity is that the 
relationship velocity-substrate concentration is a 
rectangular hyperbola. There are, in fact, several 
objections to the view of Stotz et al. and Borei, viz. 
(1) An assumption made in deriving the Michaelis- 
Menten equation is that the rate of formation and 
dissociation of the complex is rapid compared with 
its decomposition into the products of the enzymic 
reaction. It seems unlikely that such a rapid 
equilibrium would be established between the 
insoluble cytochrome oxidase attached to the 
particles of the heart-muscle preparation and 
cytochrome c of molecular weight 16,500. 

(2) This view does not explain the fact that the 
rate of O, uptake depends upon the particular 
reducing agent and on its concentration as well as 
on the concentration of cytochrome c. Since the 
sole function of this reducing agent is to reduce the 
cytochrome c¢, it follows that the rate of reduction 
of cytochrome c, as well as its oxidation, is im- 
portant. The rate of reduction would be augmented 
by increases in the concentration both of reducing 
agent and of cytochrome c. It is also much greater 
when p-phenylenediamine is used as the reducing 
agent than when other reducing agents are used. 

(3) According to the Michaelis-Menten equation, 
the effect of substrate concentration (i.e. 1/(cyt.c),) 
should be independent of the enzyme concentra- 
tion. Fig. 12 shows, however, that 1/(cyt. c), is 
decreased 45% by doubling the enzyme concen- 
tration. 

The effect of the cytochrome c concentration is 
therefore much more complicated than that postu- 
lated by Stotz et al. and by Borei, even though, at 
any one enzyme concentration, the activities obey 
the Michaelis-Menten equation. But this equation, 
which is that of a rectangular hyperbola, merely 
expresses the finding that at low cytochrome c 
concentrations the rate of O, uptake is propor- 
tional to the cytochrome c concentration, while at 
high concentrations the rate of O, uptake becomes 
independent of the cytochrome c concentration and 
is dependent upon the activity of the cytochrome 
oxidase. Such a relationship would be expected, 
for example, if the rate of reduction of cytochrome c 
was the limiting factor at low cytochrome ec con- 
centrations. Indeed, at a fixed cytochrome c 
concentration the relationship between the rate of 
O, uptake and the ascorbic acid concentration is a 
rectangular hyperbola, and this can be explained 
by assuming that the rate of reduction of cyto- 
chrome c by ascorbic acid is the limiting factor at 
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low ascorbic acid concentrations. This cannot, how- 
ever, be the complete explanation of the effect of 
cytochrome c on the rate of O, uptake, since the 
activity at a definite ascorbic acid concentration and 
infinite cytochrome c concentration is considerably 
greater than that at a definite cytochrome c concen- 
tration and infinite ascorbic acid concentration. 

It is probable that the rate of diffusion of cyto- 
chrome c to and from the cytochrome oxidase is a 
limiting factor at low concentrations of the former. 
It has already been mentioned that the ascorbic 
acid is unable to reduce rapidly the cytochrome c 
in the heart-muscle preparation, although this 
cytochrome c can be rapidly reduced by succinate 
and also, to a considerable degree, by p-phenylene- 
diamine. It is likely then, that the cytochrome c in 
the immediate vicinity of the cytochrome oxidase 
can be readily oxidized by the oxidase, but cannot 
be easily reduced by ascorbic acid. The oxidized 
cytochrome c diffuses away and is replaced by a 
neighbouring cytochrome c molecule, which has 
been reduced by the ascorbic acid in solution. If 
the rate of this diffusion is a limiting factor, it would 
be understandable that the nearness of available 
molecules, which would depend on the cytochrome c 
concentration, would be important. This would also 
explain why the rate of reduction would be impor- 
tant; the rate of reduction must be sufficiently rapid 
so that the few molecules of cytochrome c in the 
immediate vicinity of the cytochrome oxidase are 
rapidly reduced; the turn-over rate would have to 
be very much more rapid than that which might be 
calculated from the observed O, uptake and the con- 
centration of cytochrome c in the solution as a 
whole. The rate of reduction of cytochrome c would 
be augmented by increases in the concentration of 
both reducing agent and cytochrome c. The 
importance of the reducing agent is shown in 
Fig. 7B; thus the apparent Michaelis constant was 
equal to 1-2x 10-5m of added cytochrome c with 
p-phenylenediamine and 6-1 x 10-5m with ascorbic 
acid. The maximum activity, at infinite cytochrome 
c concentration, was, however, independent of the 
reducing agent. The rate of reduction of cytochrome 
c in solution by the concentrations of ascorbic acid 
and p-phenylenediamine used is very rapid, and 
there is no evidence that p-phenylenediamine 
reduces such cytochrome c more rapidly than does 
ascorbic acid. The greater effectiveness of low con- 
centrations of added cytochrome c in the presence 
of p-phenylenediamine is probably due to the ability 
of the latter to penetrate more closely than ascorbic 
acid to the added cytochrome c in the immediate 
neighbourhood of the cytochrome oxidase. One 
must postulate some such difference between these 
two reducing agents to explain the relative rates of 
reduction of the endogenous cytochrome c of heart- 
muscle preparation. 
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When the rate of reaction is dependent, not only 
on the activity of the enzyme system responsible 
for the oxidation of the cytochrome c, but also on 
the rate of supply of the reduced cytochrome to the 
system, it is not difficult to see that doubling the 
enzyme concentration might not double the rate of 
O, uptake (Fig. 12), since the extra cytochrome 
oxidase ‘molecules’ would compete for the supply 
of reduced cytochrome c. At infinite cytochrome c 
concentration, however, the rate of oxidation is 
exactly doubled. 

The suggestion that it is the cytochrome c in the 
immediate vicinity of the heart-muscle particles 
which is concerned in the reaction, not the cyto- 
chrome c in the bulk of the solution, explains the 
apparently conflicting observations that (1) the O, 
uptake depends on the ascorbic acid concentration, 
suggesting that the rate of reduction is a limiting 
factor, and (2) when ascorbic acid is added to a solu- 
tion of oxidized cytochrome ¢ containing a sus- 
pension of heart-muscle preparation, the cytochrome 
c is immediately reduced and remains reduced even 
when the solution is vigorously aerated. According 
to the above explanation, the cytochrome c in the 
bulk of the solution would remain reduced, 
although that in the immediate vicinity of the 
particles of the heart-muscle preparation was 
largely in the oxidized form. When succinate is 
added instead of ascorbic acid, the bulk of the 
cytochrome ¢ remains oxidized even though the 
succinic oxidase activity is less than that of cyto- 
chrome oxidase. This is because, in this case, the 
reduction of cytochrome c occurs not in the bulk 
of the solution, but on the particles of the heart- 
muscle preparation. 

The catalytic activity of the added cytochrome c, 
expressed by the value of 1/(cyt. c);, is affected by 
(1) the rate of diffusion of cytochrome ec to the 
oxidase, (2) the rate of reduction of cytochrome ¢ 
by the reducing agent, and (3) the accessibility of 
the reducing agent to the added cytochrome c in 
the neighbourhood of the cytochrome oxidase. 
Phosphate concentration has a very marked effect 
on 1/(cyt. c);, but little if any effect on 1/(asc. acid), 
(at least between 0-065 and 0-146m). This suggests 
that it has little influence on the rate of reduction 
of cytochrome c by ascorbic acid or on the accessi- 
bility of ascorbic acid to the cytochrome c; conse- 
quently its effect on 1/(cyt. c)y must be due to an 
action on the rate of diffusion of cytochrome c to 
the oxidase, caused probably by an alteration of the 
colloidal particles of the heart-muscle preparation. 

The figures in the present paper show that the 
true activity (Qo,) of the cytochrome oxidase in the 
heart-muscle preparation, viz. 3400, is much higher 
than that previously reported by Keilin & Hartree 
(1947a), viz. 1420. The reasons for this discrepancy 
are: (1) the activity measured by Keilin & Hartree’s 
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method (5-4 x 10-5m cytochrome c, 0-1M-phosphate) 
is less than half the maximal activity, and (2) the 
activities calculated by Keilin & Hartree are based 
on the weight of the dried whole preparation, while 
the figures in the present paper are based on the 
weight of the fat-free dried preparation, which is 
30 % less than the total weight of the dried prepara- 
tion. It should be noted that the 1947 preparation 
of Keilin & Hartree* is very much more active than 
the 1938 preparation, which, according to Keilin & 
Hartree (1938), has a Qo, of 181 with p-phenylene- 
diamine, and 128 with hydroquinone. This greatly 
increased activity is due to the introduction, in the 
method of preparation in 1947, of precipitation with 
acid at about 0°. Most of the published work on 
cytochrome oxidase has been performed with pre- 
parations the same as, or similar to, the 1938 Keilin 
& Hartree preparation. 

It has been pointed out above that faulty con- 
clusions regarding the effect of treatments of the 
enzyme preparation on the cytochrome oxidase may 
be drawn if the activity of the latter is measured at 
only one cytochrome ¢ concentration. An inhibition 
of the rate of O, uptake measured at one cyto- 
chrome ¢ concentration may be due either to an 
inhibition of the cytochrome oxidase or to an effect 
on the catalytic activity of the added cytochrome c. 
Which of these two factors is affected can be deter- 
mined only by carrying out the experiment at 
different cytochrome c levels. Such a procedure may 
also be necessary to detect a partial inhibition of the 
oxidase since, at low concentrations of cytochromec, 
this concentration and not the activity of the cyto- 
chrome oxidase may be the factor limiting the rate of 
OQ, uptake. Keilin & Hartree (1938) pointed out that 
this was the explanation for the small effect of carbon 
monoxide on the rate of oxidation of p-phenylene- 
diamine in the absence of added cytochrome c. 

Borei (1945) has made a comprehensive study of 
the action of fluoride on the cytochrome oxidase 
system. He found that fluoride, in fairly high con- 
centration, inhibited the rate of O, uptake of 
various reducing agents in the presence of heart- 
muscle preparation and cytochrome c, but that this 
inhibition disappeared on extrapolation to infinite 
cytochrome c concentration. Borei concluded that 
sodium fluoride inhibits the rate of O, uptake by 
combining with the cytochrome c and so competing 
with the oxidase for its substrate. However, he 
was unable to produce any direct evidence for the 
formation of such a compound, since there was no 
alteration of the absorption spectrum of cyto- 
chrome c or of its rate of reduction by reducing 
agents when fluoride was added. It is clear from 
the above discussion that an alternative explana- 

* This improved method of preparation, although not 
described until 1947, was used by Keilin & Hartree in 1940, 
when they reported a cytochrome oxidase activity of 1400. 
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tion of the inhibiting effect of fluoride on the rate 
of O, uptake must be considered, viz. that fluoride 
reduces the catalytic activity of cytochrome c in 
the system, not by combining with cytochrome c¢ 
but by an effect on the enzyme preparation, in much 
the same manner as that of phosphate. It may be 
significant that, according to Borei, the inhibition 
due-to fluoride is increased by high phosphate con- 
centrations.* The question whether the effect of 
phosphate and fluoride is due to combination at a 
specific point in the cytochrome oxidase system, 
e.g. with magnesium as is the case with enolase 
(Warburg & Christian, 1942), or is due to a non- 
specific effect on the particles of the heart-muscle 
preparation, must await further investigation. 

Most studies of enzyme kinetics have been made 
with a simple system consisting of the enzyme 
protein and its substrate of small molecular weight. 
The system reducing agent + cytochrome c + heart- 
muscle preparation provides a useful method of 
studying reactions between a substrate which is 
itself a protein and its enzyme, which is part of the 
macromolecular complex constituting the particles 
of the heart-muscle preparation. Two conclusions 
of general interest may be drawn from the present 
work: (1) that in such a system the rate of diffusion 
of the protein substrate to and from its enzyme may 
limit the rate of the reaction, and (2) that the 
protein substrate when attached to its enzyme may 
not be readily accessible to other reagents. 


SUMMARY 


1. It has been found that, under the conditions 
usually employed in determining cytochrome oxidase 
activity, the rate of O, uptake depends not only on 
the cytochrome oxidase activity but also on the 
concentrations of cytochrome ¢ and reducing agent 
and on the catalytic activity of the cytochrome c. 

2. A procedure suitable for studying the true 
activity of cytochrome oxidase is described. It is 
necessary to measure the rate of oxidation at 
different cytochrome c concentrations and extra- 
polate to infinite concentration. 

3. Most of the reducing agents used for the 
estimation of cytochrome oxidase activity reduce 
the cytochrome ¢ present in the heart-muscle 
preparation so. slowly that their rate of oxidation 
is negligibly small, unless cytochrome c¢ is added. 
p-Phenylenediamine, however, rapidly reduces this 
cytochrome c¢, and is rapidly oxidized by the heart- 
muscle preparation ; this oxidation is, however, also 
strongly catalyzed by the addition of cytochrome c. 
The heart-muscle preparation does not possess a 
pathway for the oxidation of p-phenylenediamine 
additional to the cytochrome oxidase system. 

* Borei also found the inhibiting effect of increasing the 
phosphate concentration in the absence of fluoride. 
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4. Catechol and adrenaline, which are sometimes 
used as reducing agents for the measurement of 
cytochrome oxidase activity, are not satisfactory 
for this purpose. 

5. The concentration of phosphate buffer has a 
very important effect on the rate of oxidation of 
p-phenylenediamine and ascorbic acid by heart- 
muscle preparation. 

6. It is probable that the added cytochrome c 
when attached to its enzyme cannot be readily 
reduced by ascorbic acid. It is suggested that the 
effect of the concentrations of cytochrome ¢ and 
reducing agent on the rate of O, uptake can be 
explained by assuming that the rate of diffusion of 
cytochrome c to and from its enzyme may limit 
the rate of the overall reaction. 
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7. The effect of fluoride on the rate of O, uptake 
found by Borei is probably due not to combination 
of cytochrome c with fluoride, as suggested by 
Borei, but to an effect of fluoride on the particles 
of the enzyme preparation, causing an impair- 
ment of the catalytic activity of added cyto- 
chrome c. 

8. The true cytochrome oxidase activity of 
Keilin & Hartree’s heart-muscle preparation is 
expressed by a Q,, (based on a fat-free dry weight) 
of 3400 at 38°, which is much higher than previously 
reported. 


I wish to thank Prof. D. Keilin, F.R.S., for his interest 
and advice, Dr E. F. Hartree for reading the manuscript, 
and the British Council for a scholarship. 
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Studies on the Absorption of Proteins: the Amino-acid Pattern 
in the Portal Blood 


By C. E. DENT* (Rockefeller Medical Fellow), Department of Pathology AND 
J. A. SCHILLING, Department of Surgery, University of Rochester, New York, U.S.A. 


(Received 27 April 1948) 


Although dietary protein is certainly the source of 
body protein, the steps by which it is transferred 
from the ingested food to the tissues are still incom- 
pletely known. In particular, there is considerable 
doubt about the form in which protein is absorbed 
from the gut into the portal blood stream, and the 

* Now at Medical Unit, University College Hospital, 
London, W.C. 1. 


possible effect of the liver in altering the products 
of protein digestion on their way to the tissues. The 
tacitly accepted view is that the protein is com- 
pletely broken down into free amino-acids in the 
gut. These are absorbed into the blood stream and 
carried to the tissues, each of which withdraws such 
amino-acids from the blood as it may require for 
the synthesis of its own proteins. This view is based 
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mainly on the facts that the intestinal enzymes are 
able to break down proteins into amino-acids, and 
that after a protein meal the level of blood amino- 
acids rises (Van Slyke & Meyer, 1912). The rise 
in amino-acid concentration in the systemic blood 
after protein ingestion does not, however, prove that 
the amino-acids are the actual compounds absorbed 
from the gut, for, if the protein were distributed in 
the blood stream to the tissues in intact or only 
partially degraded forms, the tissues, in taking up 
these and converting them into the required new 
protein, would presumably have to discard amino- 
acids present in excessive proportions while re- 
taining those required for the synthesis of new 
protein. The unwanted amino-acids would diffuse 
into the blood and cause a similar rise in the total 
amino-acid concentrations. That fragments of pro- 
tein, larger than amino-acids, are absorbed is 
suggested by a considerable amount of indirect 
evidence (Verzar & McDougall, 1936). We cannot, 
therefore, draw conclusions from changes in the 
blood amino-acid levels unless we know which 
individual amino-acids are involved, and whether 
the portal blood levels are higher or lower than 
those in systemic venous blood. 

Part of the difficulty in devising experiments to 
decide between the possible explanations is un- 
doubtedly technical. Owing to practical difficulties 
in obtaining portal blood previous workers have 
usually limited their studies to the changes in 
systemic blood. Such results necessarily provide a 
precarious basis, at best, for inferences regarding 
the composition of the portal blood. Furthermore, 
it has been impossible in the past to carry out even 
the most approximate qualitative and quantitative 
analyses of most of the individual amino-acids in 
the blood, hence observations have been limited to 
determinations of total free amino nitrogen which 
give no indication of the composition of the amino- 
acid mixture. Even greater difficulties are met with 
in attempting to determine the blood levels of 
nitrogen carried in the form of peptides (Christensen, 
Decker, Lynch, Mackenzie & Powers, 1947); indeed, 
no specific method for their assay in blood is as yet 
available. 

It was decided to apply the technique of paper- 
partition chromatography (Consden, Gordon & 
Martin, 1944) to the analysis of blood obtained 
during protein digestion. This technique permits the 
recognition of nearly all the amino-acids and peptides 
in a mixture, and, besides being of exceptional 
specificity, it also allows of a rough quantitative as- 
sessment of the amounts of each amino-acid present. 
By the use of the London cannula, portal blood can 
be drawn for comparison with systemic blood. By 
combining these techniques it was hoped to obtain 
more definite evidence than had been possible 
hitherto of the mechanism of protein absorption. 
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Ten technically satisfactory experiments are 
described in which dogs were given by mouth, 
casein, casein hydrolysate (Amigen), ground beef, 
human serum albumin, and dog whole plasma 
protein. The latter protein was given in order to 
test the possibility that homologous protein might 
be absorbed differently from foreign (i.e. hetero- 
logous) proteins. 

Fortunately an exceptional opportunity arose to 
check the main trends of the results by submitting 
some of the samples to Dr H. N. Christensen for 
analysis for free, and in some cases also for com- 
bined, «-amino nitrogen. His results are quoted 
separately in the addendum to this paper. 


METHODS 
General 


The dog’s regular kennel diet was withheld from the morning 
of the day before until the experiment was over. In each 
experiment, when possible, 100 g. of protein were given. It 
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Fig. 1. Diagram showing the essentials of the 
partial gastrectomy operation 


was given as quickly as possible by stomach tube when 
fluid enough, by spoon, or by normal eating according to the 
nature of the meal. Portal and jugular blood samples were 
collected just before the protein administration and again 
1, 2-5 and 5 hr. afterward. Each time 15 ml. were drawn 
and added to 0-2 ml. of 1% heparin solution. The blood 
was centrifuged and the plasma separated, usually within 
15 min. of obtaining it. No sign of haemolysis was seen. 
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Operative procedures 


Partial gastrectomy operation. Mongrel dogs were selected 
that averaged 15 kg. in weight. Under nembutal anaesthesia 
and through a left upper rectus muscle-splitting incision, 
the peritoneal cavity was entered. A classical Polya type 
of gastrectomy was performed with resection of about two 
thirds of the stomach, including the pylorus. The stomach 
was anastomosed to the first loop of the jejunum after 
mobilization of the duodenum with utilization of the full 
length of the gastric stoma, as indicated in the accompanying 
diagram (Fig. 1). The anastomosis was performed openly 
and silk technique was used throughout. The wounds were 
all closed in layers with interrupted four zero silk sutures. 

Post-operatively the dogs were allowed water ad lib. the 
first day, milk and eggs until the fifth day, and then a soft 
cage diet of table scraps. The weight of the animals was 
followed carefully. Most animals lost 10-15 % of their body 
weight and stabilized at this lower level. Blood analyses for 
total proteins, albumin-globulin ratio, haemoglobin, red 
cell count, and non-protein nitrogen were done at intervals. 
The animais appeared normal in every way. Their behaviour, 
appetite and activity were checked daily, and, in con- 
junction with the body weight, afforded a better index of 
the animals’ condition than the blood analyses. 

Insertion and operation of the London cannula. London’s 
(1935) original technique was used in the first 2 experiments. 
This was a two-stage operation where the first stage con- 
sisted of painting the portal vein with iodine solution, and 
immobilizing it by sewing to the side of the adjacent part 
of the inferior vena cava. Two weeks later the second stage 
was performed, namely suturing the cannula to the painted 
area on the portal vein, and then wrapping it around with 
an elongated mass of excised free omentum. The cannula 
was made from a no. 16 lumbar puncture needle. A small 
perforated cross-piece was welded on the distal end as 
indicated in the accompanying drawing (Fig. 2). Varying 
lengths of cannulae could be used, depending on the size of 
the animal and the location of the portal vein. The cannula 
was brought out between the lower ribs through a stab 
wound, care being taken not to open the pleural reflexion. 
In the third and all subsequent experiments, a one-stage 
procedure was used omitting the iodine painting and the 
immobilization of the portal vein, but otherwise operating 
as above. Only one complete failure to draw portal blood 
occurred in the use of this simplified technique. In addition, 
a correctly placed cannula, that had operated satisfactorily 
on one occasion, failed to draw portal blood when used for 
another experiment (see Exp. 11). The position of the 
cannula was always checked carefully by post-mortem 
examination of the animals. In the X-ray photograph 
(Fig. 3), the general position of the cannula can be seen. 
The thorotrast injected into the portal vein and faintly 
outlining the portal radicals in the liver also serves to 
illustrate the method of withdrawing blood from the portal 
vein. 

The cannula was anchored at the skin with an encircling 
suture and a metal cup was placed over the external stab 
wound. A jacket was then tied snugly around the trunk of 
the animal to prevent the cup from slipping, and to prevent 
the animal from tearing the bandages and cannula with his 
teeth. Liberal use of adhesive tape was useful for securely 
fastening the cup and jacket. 

Post-operatively, the animals showed little reaction to 
the procedure. They were able to move with freedom in their 


C. E. DENT AND J. A. SCHILLING 1949 


cages. A full diet was usually tolerated the next day 
though, if not, milk and eggs were supplied. The dressings 
were not changed until the time of the first experiment, 
5 or 6 days afterwards. 

It is intended to publish the technique of cannula 
insertion in more detail elsewhere. 


Chromatographic analysis of blood 


Preparation of blood samples for paper chromatography. 
Earlier work on the application of paper chromatography to 
protein-containing solutions had shown that although traces 
of protein (up to 0-5%) had little effect on the subsequent 
analysis, larger quantities interfered seriously, this being 
apparently related to the viscosity of the protein solution 
which acted as a mechanical barrier to the smooth soakage 
of the solvents along the filter paper. It was decided that 
ultrafiltration ought to be the best method for the removal 
of blood protein, and a few trials showed that this could be 
readily adapted to deal with the blood samples in these 
experiments. The following standard procedure was always 
used. The apparatus was that described by Greenberg & 
Gunther (1929). The following modification of the method of 
preparing the collodion sac was used: collodion (U.S.P.) to 
which 4% (v/v) of ethylene glycol had been added, was 
poured into a 15 ml. centrifuge tube which was then 
emptied for 30 sec. while holding it at an angle of 30° to the 
horizontal with continual rotation. It was then clamped 
upside down in a vertical position for 10 min. It was again 
filled quickly with the collodion and emptied as before. It 
was now, however, drained vertically overnight. It was 
then held with the open end upwards, and two drops of the 
collodion allowed to drop down the middle to reach the tip 
directly. This was then dried off quickly by a light blast of 
air and the tube held upside down for a few hours. This 
extra reinforcement of the thickness of the tip was a very 
necessary precaution against subsequent tearing. The col- 
lodion bag now lining the centrifuge tube was ready for use. 
If not used at once it could be kept safely in this situation 
for several months without apparently affecting its final 
efficiency. When required, it was easy to pull it out of the 
tube and attach it to the apparatus. Only a very slight 
contamination of the product with the ethylene glycol 
would occur as most of the latter drained off during the 
drying and contraction of the collodion film. No more than 
1 in 20 of these sacs would burst or develop leaks during the 
ultrafiltration. They usually burst if the pressure was raised 
to 250-300 mm. of Hg. These membranes allowed inulin 
(mol. wt. c. 5000) to filter through quantitatively. Cyto- 
chrome c (mol. wt. 13,000) was, however, completely 
retained. 

Ultrafiltration procedure. The ultrafiltration of the 
heparinized plasma was carried out at a pressure of 150- 
200 mm. of Hg, the whole apparatus being immersed in an 
ice bath. About half of the volume of plasma taken would 
be collected as crystal-clear protein-free filtrate in 8 hr. 
Very little more came through in a longer time, although, 
for reasons of convenience, the apparatus was usually run 
overnight. The ultrafiltrates were kept at 4° for the few 
days while they were awaiting chromatographic analysis. 
This scale of operation was chosen for convenience of mani- 
pulation, to eliminate to a negligible degree the possible 
loss of substances by absorption on to the collodion, and 
because other analytical methods requiring larger volumes 
were envisaged. As far as the paper chromatography was 
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concerned the whole analysis could have been carried out 
on less than one tenth of the volumes taken above. 

Paper chromatography method. Volume of ultrafiltrate 
taken. The standard volume of 125 yl. was taken through- 
out. As this was too large a volume to apply directly to the 
paper it was always evaporated almost to dryness on a 
watch glass by blowing air over it at room temp. by means 
of an electric fan. The residue was then transferred to the 
paper followed by 3 washings of the watch glass. This 
volume was chosen as, by its use, a normal blood with 
NH,-N cone. of 4 mg./100 ml. would produce on the 
chromatogram up to 12 weak spots from the amino-acids 
present in greatest amount. An increase of 50% in 
NH,-N cone. would be easily picked up by the appearance 
of further amino-acids, as well as by a strengthening of 
those seen before. The ninhydrin colour reaction as carried 
out on the paper becomes less sensitive at much higher 
concentrations of amino-acids and an increase of 50% may, 
therefore, not be observed in such a case. To compare 
high concentrations less ultrafiltrate would have to be 
taken to bring the spots down to the more sensitive range. 

Procedure. Two-dimensional chromatograms were used 
almost exclusively. Phenol was used as the first solvent, in 
the presence of a trace of NH, vapour, and collidine- 
lutidine mixture in the presence of a trace of diethylamine 
as the second. Further details are given by Dent (1948). 

Distortions on the chromatogram. The final positions 
occupied by aspartic and glutamic acids on the chromato- 
grams were always abnormal and the spots in question 
partly distorted into streaks. This phenomenon was due to 
the presence of three substances which appeared as large 
yellow spots and which took precedence in the occupation 
of certain areas of the paper with the result that the amino- 
acids were left to surround the margins of these areas 
(Figs. 4-9). Glutamine was sométimes affected in a similar 
manner. The interference was always similar in character. 
Once, therefore, the new positions of the amino-acids had 
been determined, it was still possible to carry out satisfactory 
identifications although the rough quantitative estimations 
were somewhat jeopardized. 

Recent work by Westall (1948) suggests that two of the 
yellow spots (A and C in Fig. 7) are probably due to 
inorganic acid and to sodium phenoxide, respectively, 
formed by the separation on the chromatograms of the 
ions of inorganic salts. The present writers have recently 
applied the de-salting device of Consden, Gordon & Martin 
(1947) to plasma ultrafiltrates and have obtained undis- 
torted chromatograms from as much as 625 pl. This repre- 
sents a considerable advance on the technique as used in 
the present work. 

Identification of amino-acids. This was carried out by the 
usual methods (Dent, 1948), i.e. careful position matching 
with markers followed by confirmation that the substances 
were stable to hydrolysis, and, except for methionine and 
cystine which are oxidized, were also stable to treatment 
with H,O,. Once one sample of fasting dog blood had been 
checked in this way the identification thus obtained was 
assumed to apply to the spots given by fasting blood from 
other dogs. In the blood drawn after the proteins had been 
fed, only the serial sample which contained the highest 
NH,-N concentration was checked, and this only by prior 
hydrolysis and H,O, treatment. It was not considered 
necessary to re-check all the amino-acids with markers in 
such cases. Leucine and isoleucine, which overlap on the 
chromatograms, were always considered together under the 
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name ‘leucines’. It should be emphasized that the substance, 
moving to a position close to and just below alanine in the 
chromatograms as represented in this paper, was always 
shown to be glutamine and not the peptide ‘under-alanine’ 
(Dent, 1947), which also moves to the same place. 

Method of recording strengths of spots. The colour strength 
of each spot was recorded against an arbitrary colour chart 
divided into 10 parts. A strength of 1 represented a very 
weak purple colour, 10 an intense purple. When the colour 
could not be seen directly, but was just visible when the 
paper was viewed by transmitted light, it was called <1. 
Colour strength of greater than 10 (recorded as >10) or 
much greater than 10 (> 10) were well into the range where 
the colour reaction was much less quantitative. The 
strengths of the yellow ninhydrin colours such as are given 
by proline were assessed by plus signs. 

Detection of peptides. For the purpose of this paper a 
substance is called a ‘peptide’ if it moves to a character- 
istic position on the chromatogram not corresponding to a 
known substance, if it gives a typical ninhydrin colour 
reaction, and if it is destroyed on acid hydrolysis (see below) 
with simultaneous liberation of free amino-acids. Isolation 
and identification of peptides was considered to be beyond 
the scope of this paper. 

Whether or not peptides are detected when they are 
present in only small amount depends entirely on whether 
they are present as only a few distinct members, say 3 or 4 
dipeptides, or as a very large number of di-, tri-, and poly- 
peptides. In the latter case a larger amount of peptide N 
could be undetected if it were widely distributed about the 
paper, each peptide being present in too small a quantity to 
give a visible ninhydrin colour. The only way to detect this 
would be by observing an otherwise unaccountable increase 
in free amino-acids after acid hydrolysis. Such an increase 
could also occur, however, from other sources, e.g. from 
acyl derivatives of amino-acids such as hippuric acid. There 
is some indirect evidence at least in the cases of aspartic 
and glutamic acids (Dent, 1947) for the existence of further 
members of this series. The finding of such an increase in 
amino-acids on hydrolysis is more safely described, there- 
fore, as being due to ‘bound amino-acids’. A hydrolysis 
was performed on at least one of the ultrafiltrates of the 
blood samples from each experiment whether or not more 
direct evidence of the presence of peptides had been 
obtained. It was estimated that bound amino-acids, if 
involving all the amino-acids in similar relative proportions 
to their occurrence in the free state, could be present 
containing up to 20% of the total NH,-N without being 
detectable on the chromatograms. On the other hand, if 
the bound amino-acids concerned only one or two members 
then the method would be far more sensitive. These opinions 
are based on the results of experiments with synthetic 
peptides and with proteins partly hydrolyzed by enzymes, 
acids and alkalis. . 

Acid hydrolysis of samples. The sample (125 pl.) was 
mixed with an equal volume of concentrated HCl, sealed in 
a capillary tube and immersed in boiling water for 24 hr. 
It was then transferred to a watch glass, evaporated to 
dryness at 60°, and the residue washed on to the filter 
paper, with about 30 pl. of water, applied in several lots. 


Brief summary of each dog experiment 
Exp. 1 (dog 46-1). Casein, 28.January 1947; wt. 16 kg.; 
first stage of cannula insertion, 10 January 1947; second 
stage 24 January 1947. Casein (100 g.) damped with about 
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200 ml. of water was fed by spoon. Blood samples were 
apparently collected satisfactorily. The dog was killed after 
the 5 hr. period. The stomach was found to be full of casein, 
and also contained some bandages, presumably from the 
dressings. It was thought that the latter might have 
produced some obstruction to the further passage of the 
casein. In view of the lack of absorption of the casein the 
blood samples were rejected. 

Examination of the cannula insertion showed that the 
inferior vena cava contained a series of recent punctures 
while the adjacent portal vein was intact. Clearly the 
‘portal’ blood samples taken in this experiment were really 
of systemic origin. 

Exp. 2 (dog 46-10). Casein, 17 February 1947; wt. 11 kg.; 
first stage of operation 28 January 1947; second stage 
12 February 1947. Casein (100 g.) fed by spoon. The blood 
samples were drawn without difficulty. The dog was killed 
after the 5 hr. period. The stomach was found to contain 
37 g. of apparently unchanged casein. It is possible, there- 
fore, that the bandages were not the cause of the delay in 
stomach emptying found in Exp. 1. It was as a result of 
this that the decision to do the prior partial gastrectomy 
operation was taken. The cannula had been working very 
well in this experiment and only the portal vein had been 
pierced by the sampling needle. 

Exp. 3 (dog 46-32). Dog plasma, 24 March 1947; wt. 
9 kg.; partial gastrectomy operation 3 June 1946; cannula 
inserted 18 March 1947. (From now on this was done by the 
one-stage method, see p. 320.) Freeze-dried (lyophilized) 
dog plasma protein (100 g.) made up to 400 ml. with water 
was given by stomach tube. Considerable gastro-intestinal 
disturbance resulted. The dog vomited a large amount 
10 min. afterwards. This was given back to the dog. A further 
vomit 40 min. later was also given back by tube. A small 
amount of diarrhoea occurred 1-5 hr. later. This was 
rejected. It was estimated that not more than 25 g. in all 
of the original protein could have been lost during these 
incidents. The hlood samples were taken very satisfactorily. 
It was, therefore, decided to use the same dog for the next 
experiment, and to repeat later the protein feeding with 
dialyzed plasma, as the gastro-intestinal upset might have 
been due to the high salt content of the concentrated plasma. 

Exp. 4 (dog 46-32). Casein 28 March 1947; same dog as 
exp. 3; wt. now 9-6 kg. Casein (100 g.) fed by spoon. 
Blood samples taken satisfactorily, although on one occasion 
when perhaps the needle was inserted a little farther than 
usual, pure bile was withdrawn in the syringe. Urine passed 
at 1-5 hr. was collected. At 4-5 hr. the dog vomited 250 ml. 
of bile-stained liquid, containing much mucus and a small 
amount of casein. The dog was killed after the 5 hr. period. 
The cannula was found to have been working satisfactorily 
and only portal blood had been drawn through it. The gall 
bladder and bile duct were distended, presumably as the 
result of a stricture produced-by adhesions around the 
cannula. There was therefore some degree of biliary 
obstruction, and it was easy to see how the sample of bile 
had been accidentally withdrawn. The stomach and 
intestines were empty and normal in appearance. The liver 
also appeared normal; sections were taken and found to be 
normal microscopically. Blood analyses showed: icterus 
index, 9 units; bilirubin, 0-13 mg./100 ml. (direct) and 
0-42 mg./100 ml. (total). 

Exp. 5 (dog 46-178). Casein, 16 June 1947; wt. 15-5 kg.; 
partial gastrectomy operation 13 January 1947; cannula 
inserted 11 June 1947. Casein (100 g.) fed by spoon. Blood 
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samples taken satisfactorily. Dog was well throughout the 
experiment. After the 5 hr. period had been passed the dog 
was X-rayed while thorotrast was being injected through 
the cannula. The picture (Fig. 3) confirmed that the needle 
was inserted into the portal vein. The dog was then killed. 
The cannula was seen to be well placed and the inferior 
vena cava unpunctured. The stomach and intestines were 
empty except for a few small particles of undigested 
casein in the upper part of the small intestine. 

Exp. 6 (dog 47-11). Dog plasma, 28 June 1947; wt. 
13-5 kg.; partial gastrectomy 20 January 1947; cannula 
inserted 23 June 1947. Dialyzed and freeze-dried dog 
plasma protein (100 g.) was made up to 400 ml. with water 
and given by stomach tube. Blood samples taken satis- 
factorily. Portal and jugular blood was also taken at 8 hr. 
in this experiment. This animal did not vomit, but 1-5- 
2-25 hr. after it had been fed by tube it had some consider- 
able diarrhoea. The dog excreted material which closely 
resembled the protein solution originally fed. Fortunately, 
however, the dog avidly ate up at once everything he had 
passed, so that only a few g. protein were lost. The dog was 
kept for a further experiment. 

Exp. 7 (dog 47-11). Amigen, 3 July 1947; same dog as in 
Exp. 6; well since then. Hydrolyzed casein (Amigen, 
100 g.) stirred with 300 g. of warm water was given by 
stomach tube. The dog appeared well throughout the experi- 
ment. The blood samples were taken satisfactorily and, in 
addition, a sample of urine passed at 4 hr. The dog was 
killed after the 5 hr. samples were taken. At post mortem 
the correct position of the cannula was confirmed. The gut 
was apparently empty. 

Exp. 8 (dog 47-60). Dog plasma, 23 July 1947; wt. 
10 kg.; partial gastrectomy 18 February 1947; cannula 
inserted 17 July 1947. The dog was given, by stomach tube 
in two equal portions 15 min. apart, 800 ml. of heparinized 
dog plasma. This had been drawn from donor dogs two days 
previously and kept frozen solid. It contained at least 
50 g. of dry plasma protein. From the 0-5 hr. period after 
feeding to 2 hr. after, this dog vomited intermittently. The 
vomit was collected each time and given back by tube, at 
the most about 50 ml. of the original 800 ml. being lost. 
There was no diarrhoea. The blood samples were taken 
satisfactorily. After the last sample the dog was killed. At 
post mortem the cannula was found to be correctly placed. 
The stomach and small intestine were empty, but the large 
intestine contained some semi-liquid faecal material. The 
entire gut from stomach to rectum was carefully squeezed 
out. The material measured 65 ml., appeared to be only 
faeces and contained 1-6-g. of total N, corresponding to 
about 10-0 g. of total protein (N x 6-25). 

Exp. 9 (dog 47-48). Human-serum albumin, 1 August 
1947; wt. 11 kg.; partial gastrectomy 24 February 1947; 
cannula inserted 26 July 1947. The dog was given by 
stomach tube 50 g. human albumin (200 ml. of 25% 
solution) at 0 hr. and another 50 g. 0-5 hr. later. The albumin 
was described as ‘concentrated salt-poor human-serum 
albumin’ (Squibb and Sons, New York). It contained 1% 
of pL-acetyltryptophan as stabilizer. The dog tolerated this 
dosage very well, appearing lively and well throughout, in 
marked contrast to the gastro-intestinal upset in the 
experiments in which dog plasma was fed. Blood samples 
were taken satisfactorily. Urine was passed at the start of 
the experiment, and a sample collected when the bladder 
was emptied at 5 hr. The dog was kept for further experi- 
ments. 
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Exp. 10 (dog 47-48). Denatured dog plasma, 6 August 
1947; same dog as in Exp. 9. Heat-denatured plasma 
protein (80 g.) obtained from donor dogs was fed by spoon 
quite satisfactorily. About 0-5 hr. later the dog vomited 
what appeared to be the entire amount of protein. Half of 
this was fed back to the dog, but was again vomited shortly 
after. In view of the apparently complete intolerance to 
this substance the experiment was discontinued. 

Exp. 11 (dog 47-48). Ground beef (Hamburger), 
7 August 1947; same dog as in Exp. 10; wt. 10-5 kg. Raw 
ground beef (500 g., c. 105 g. of protein) with the fat 
stripped off as much as possible before mincing, was fed. 
0-5 hr. later the dog vomited some apparently unchanged 
meat mixed with mucus. Some of this was eaten again 
quickly. The remainder weighed 192 g. and was rejected. 
Therefore at least 308 g. containing about 65 g. of protein 
were retained. The blood samples were taken satisfactorily. 
After the 5 hr. period the dog was killed. The post mortem 
showed that the end of the cannula had slipped from the 
portal vein. The portal vein showed some brown pigmented 
spots where it had presumably been punctured the week 
before (Exp. 9). On the other hand, the inferior vena cava 
showed recent red staining undoubtedly over the sites of 
recent needle pricks. The gut was found to be fairly full of 
dark smelly liquid. This was considered to be a normal 
residue after eating meat. , 

Exp. 12 (dog 47-67). Ground beef, 14 August 1947; wt. 
18 kg.; partial gastrectomy 8 April 1947; cannula inserted 
8 August 1947. Raw ground beef (500 g.) as fat free as 
possible was fed. The blood samples were taken satis- 
factorily. The dog was lively and well throughout the 
experiment. It was saved for further trials. 

Exp. 13 (dog 47-67). Human-serum albumin, 16 August 
1947; same dog as in Exp. 12. Dog was fed 400 ml. of 
25% human albumin (same material as in Exp. 9) by 
stomach tube. This was well tolerated, the dog appearing 
lively throughout. Blood samples taken satisfactorily. 
Urine was collected when the bladder was emptied at the 
beginning of the experiment, and again after 4 hr. 

The dog was saved for a further experiment on 20 August 
1947 (not reported here) in which glutamic acid was 
fed. After this experiment the dog was killed. A post 
mortem then gave unequivocal evidence that the cannula 
had been correctly placed. 


RESULTS 


Amino-acid analyses by one-dimensional chromato- 
grams. This method was used as a rough sorting test 
to detect potentially interesting fluids. When one 
was found, e.g. the urine after feeding human 
albumin, the fluid was tested further on two- 
dimensional chromatograms (Tables 2 and 3) so 
there is no need here to state the result of the rough 
test. In the urines obtained after feeding casein 
(Exps. 2 and 4) there were no abnormal amino- 
acids detectable in the one-dimensional chromato- 
grams so no further tests were done. Unfortunately, 
no urine was tested after the feeding of dog plasma, 
although it could hardly be expected to have been 
abnormal, owing to the normal blood levels of 
amino-acids. 
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Amino-acid analyses using two-dimensional chro- 
matograms. These are summarized in Tables 1-3. 
A series of original chromatograms is much easier 
to interpret than the tables. A few chromatograms 
are, therefore, reproduced photographically or as 
diagrams in Figs. 4-15. Tryptophan and hydroxy- 
proline, although easily detectable if present in 
sufficient quantity, have not been seen in any of the 
blood samples. They are not, therefore, mentioned 
in the tables. Asparagine is also omitted although it 
has been found once (see Fig. 11). There is consider- 
able doubt as to the identity of citrulline. The spot 
given in this position by normal blood has the 
characteristic reddish purple colour of citrulline, 
although there is not enough present to confirm the 
identity by the spot test with p-dimethylamino- 
benzaldehyde (Dent, 1948). It is possible, therefore, 
that the spot could have been due to f-alanine, 
which moves to a similar position, although it 
usually gives a ninhydrin colour having a bluer 
shade. In one hydrolyzed urine (Exp. 13, 0—4hr.) 
the spot was certainly due chiefly to B-alanine as 
there was sufficient quantity present to do the 
chemical test. Reasons mentioned in the Discussion 
suggest that the increase in strength of the spot so 
often found after acid hydrolysis might always be 
due to B-alanine. 

The order of the amino-acids in Tables 1-3 is 
roughly that in which they are spread out on the 
paper. This order soon becomes familiar to workers 
using the chromatograms. The numbers under each 
substance refer to the colour strength of the nin- 
hydrin reactions on the arbitrary scale of 10. They 
are of relative value only. The strength of the 
aspartic acid spot was often difficult to judge owing 
to the distortion always present. 

Analyses for «-amino nitrogen by chemical methods. 
The following results were obtained by Dr H. N. 
Christensen with the methods described in the 
addendum to this paper. 

Dog (Exp. 4). Analysis of ultrafiltrate of vomit 
ejected 4-5 hr. after giving the 100 g. of casein: 
total «-amino nitrogen, 440 mg./100 ml.; free «- 
amino nitrogen, 69 mg./100 ml. 

Dog (Exp. 13). Analysis of urine passed just 
before human albumin was given, in mg. «-amino 
nitrogen/100 ml.: total 63-1, free 16-0, bound 47-1. 
The next urine specimen was passed 4 hr. after the 
experiment had begun and contained: total 417, 
free 342, bound 75. 

Electrophoretic analysis of portal plasma after 
feeding human-serum albumin. Human-serum albu- 
min injected intravenously into dogs can be readily 
detected in the plasma by electrophoretic means 
many hours after the injection (McKee & Alling, 
1946). Dr Alling kindly examined in this way the 
portal plasma 2-5 hr. after feeding human-serum 
albumin in Exp. 13. No peak corresponding to 
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the human albumin was seen and the portal 
plasma at 2-5 hr. matched in every respect the 
fasting sample at 0 hr. By this method, it was 
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on plasma protein content the specific gravity of 
the specimens of portal and jugular plasma was 
determined by the copper sulphate method 
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Figs. 10-13. Diagrams of chromatograms obtained during the feeding of casein hydrolysate (Amigen). In these figures, 
the size of the spots has been drawn to represent the strength of the ninhydrin colour. The identifications can be 
made from Fig. 7. Aspartic and glutamic acids are, however, shown in these diagrams in their true positions, not in 
the distorted positions as in Fig. 7. The three further spots in Fig. 10 (see also Fig. 11) marked in the centre with 
crosses are, from right to left, cysteic acid (from cystine), asparagine, and methionine sulphone (from methionine). 
The spots outlined with a dotted line or shown by shading represent ‘peptides’. The materials run on each 
chromatogram were: Fig. 10, 300 wg. of Amigen; Fig. 11, 125 pl. of the 1 hr. portal blood ultrafiltrate; Fig. 12, 
125 pl. of the 1 hr. jugular blood filtrate; Fig. 13, 25 yl. of the urine secreted in the first 4 hr. of the experiment. 


estimated that at least 10 g. of circulating 
human-serum albumin could be detected. Hence 
of the 100g. fed little if any could have been 
absorbed intact. 

Specific gravity of portal plasma. As a rough check 


(Phillips, Van Slyke, Dole, Emerson, Hamilton & 
Archibald, 1945). No significant change in specific 
gravity was found on any of the specimens taken 
during Exps. 5 (casein), 6 (dog plasma), and 9 
(human-serum albumin). 
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Table 2. Levels of amino-acids in body fluids 


(Figures indicate arbitrary units, see p. 321.) 








Exp. 5. 100 g. casein (dry wt.) fed Exp. 6. 100 g. dog plasma protein (dry wt.) fed 
Sea 
Plasma Plasma 
filtrate filtrate 
Plasma Plasma (hydro- Plasma Plasma Plasma Plasma Plasma (hydro- Plasma Plasma 
Sample analyzed ... ... ... filtrate filtrate lyzed) filtrate filtrate filtrate filtrate filtrate lyzed) filtrate filtrate 
Time of sample (hr.) ... ... 0 1 1 2-5 5 0 1 25 25 5 8 
Portal or jugular... ...  ... r P r P , P , Fr P P r 
Cysteic acid (from cystine) : <1 : ; ; : 
Aspartic acid 4 ° . ° . . = ° : . 
Glutamic acid 2 6 8 6 2 1 <1 6 <i <l 
Serine 1 6 3 6 3 1 1 <l <l <l 
Taurine 3 3 1 2 <1 <l <1 - Zé a 7 
Glycine 1 2 3 2 <l <l <1 ° <l <l <l 
Threonine Fe 4 4 4 1 - < : 
Alanine 6 8 9 8 6 3 3 1 4 1 5 
Glutamine 4 6 ; 7 4 3 3 2 : 2 2 
Tyrosine ; 5 4 5 2 ‘ ° 
Citrulline and/or B-alanine l 1 2 1 3 1 
Histidine : . t . > ° ° ° ;. 
a-Amino-n-butyric acid <l 2 <l 2 2 <l <l <l 1 <l <l 
Methionine sulphone (from . 
methionine) 
Valine 6 9 8 8 7 5 5 5 5 4 2 
Methionine sulphoxide ; 3 4 3 2 ? ? , 
y-Aminobutyric acid . <l ; : ; ; 
Lysine 1 7 7 6 4 <l ° 1 
Phenylalanine : 3 3 2 = ‘ 
Leucines 1 9 9 8 7 3 2 2 3 1 1 
‘Fast aminobutyric acid’ <1 1 <l <l <l <l <l 1 <l <l 
Proline <+ +++ ++ ++ + ° . ‘ ° 
Arginine 2 6 7 5 3 <1 <l 2 1 
Exp. 8. 50 g. dog plasma protein 
Exp. 7. 100 g. casein hydrolysate (Amigen) (dry wt.) fed (dry wt.) fed 
(a  " + co ———— 
Plasma Plasma 
filtrate Urine filtrate 
Plasma Plasma (hydro- Plasma Plasma Plasma (hydro- Plasma Plasma Plasma (hydro- Plasma 
Sample analyzed ... ..._ ... filtrate filtrate lyzed) filtrate filtrate filtrate Urine lyzed) filtrate filtrate filtrate lyzed) filtrate 
e t t § 
Time of sample (hr.) ... ... 0 1 1 1 2-5 5 0-4 04 0 15 3 3 55 
Portal or jugular... ... ... P . P J r P 2 - P P P Pr P 
Cysteic acid (from cystine) ‘ <1 ‘ ’ . ‘ ' 
Aspartic acid ; ; P 2 é ; 2 4 
Glutamic acid 1 6 10 6 5 3 9 >10 <i <] 2 6 2 
Serine <I 6 6 <1 5 1 6 6 <i <1 1 <l <l 
Taurine 1 <1 <i ; : A <l a <l : <l 
Glycine 1 4 5 1 4 <l 5 7 <l <1 <l <l <I 
Threonine . 5 6 1 6 4 5 6 ss <l 1 1 <l 
Alanine 6 8 10 5 a 4 5 8 2 3 4 3 4 
Glutamine 4 6 ; 1 3 2 4 : 2 2 2 ; 2 
Tyrosine : 3 3 1 3 1 <l 1 d <l <l <l 
Citrulline and/or B-alanine <l 1 4 1 1 6 4 ; <l 
Histidine : : 3 . <1 . 1 ° 
a-Amino-n-butyric acid 1 1 1 <l 1 1 <s <l <i <l 
Methionine sulphone (from ; ; ; ; 
methionine) 
Valine 4 9 10 7 10 8 4 4 3 3 6 5 6 
Methionine sulphoxide . 5 4 2 5 4 1 2 <l . ° 
y-Aminobutyric acid 1 <1 : ; . ; : 1 <1 <l <1 <l <l 
Lysine <i 7 9 7 8 5 1 <l <l <l 2 2 2 
Phenylalanine ; 4 4 <l 3 2 ; <1 j <1 <i <l 
Leucines 3 10 10 8 10 7 3 4 2 2 5 5 5 
‘Fast aminobutyric acid’ 1 2 ; <1 <l <i : r : <e <i 2 <l 
Proline <+ ++ +4 ++ + + + + ++ ° ° <+ ° <+ 
Arginine 1 6 8 6 6 3 <i <1 1 1 2 2 2 


* Trace asparagine seen. 

+ Two new spots also seen. 
t Many peptides also seen. 
§ One new spot also seen. 
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Summary of results given in Tables 1-3 


Casein. Ingestion of this protein caused large 
rises in portal and jugular concentrations of amino- 
acids. The highest concentration of amino-acids was 
obtained in Exp. 5. With the exception of glutamic 
acid, the rise in individual amino-acids was con- 
sistent with what would be expected from the 
complete absorption of a casein hydrolysate (Figs. 8 
and 9). It is remarkable that glutamic acid which 
occurs in casein to the extent of over 20% should 
not increase more in the portal blood during the 
digestion. As the two samples in Figs. 8 and 9 were 
matched as to total amounts of amino nitrogen, 
clearly the excess of glutamic acid in Fig. 9 has to 
be associated with a weakening of the spots due to 
the other amino-acids. 

The vomit obtained in Exp. 4, 4 hr. after feeding 
the casein, showed a very large concentration of 
amino-acids and of peptides. The free amino 
nitrogen concentration could be roughly estimated 
as being about 20 times that of normal blood. 

Casein hydrolysate (Amigen). As _ expected, 
ingestion of this was followed by large rises in portal 
amino-acids and only slightly smaller rises in the 
jugular blood. No appreciable synthesis of protein 
or of peptides by the intestinal mucous membrane 
could have occurred. The rate of absorption was 
only slightly faster than in the case of unhydrolyzed 
casein. The passage of this substance through the 
body can be seen best in the diagrams in Figs. 10-13. 
The original Amigen contains ‘peptides’ as can be 
seen more readily than on Fig. 10 by running 
chromatograms on larger amounts of Amigen or on 
concentrated fractions. The ‘peptides’ tend to 
concentrate in the urine, relative to the amounts of 
free amino-acids excreted (see also Christensen, 
Lynch & Powers, 1946). The figures also show well 
the invariable action of the kidneys in retaining 
preferentially the essential amino-acids and not so 
well the unessential. For instance, leucine is present 
in relatively smaller quantity in the urine than in 
the blood, glycine in relatively larger amounts. 

Ground beef (Hamburger). Ingestion of this also 
resulted in large increases in portal amino-acids. 
The peak of digestion at 2-5 hr., however, corre- 
sponded to a lower concentration of amino-acids in 
the portal blood than was found after feeding 
equivalent amounts of any of the other proteins. 
There was evidence of a little bound amino nitrogen 
in the blood collected at this time. The peculiar 
composition of the 1 hr. specimen is also worthy of 
note. There was a rise in the concentration of some 
amino-acids, accompanied by a fall in the concen- 
tration of others, thus making an estimate of total 
amino nitrogen change much more difficult. If a 
change did occur in total amino nitrogen it could 
not have been appreciable. 


C. E. DENT AND J. A. SCHILLING 


1949 


Ref. 188A 





Fig. 14. 


Ref. 181A 





Fig. 15. 


Figs. 14 and 15. Diagrams of the chromatograms from the 
urines of Exp. 13 (human-serum albumin feeding). The 
same conventions have been used as in Figs. 10-13. The 
three small spots above each other along the left-hand 
margin of Fig. 15, and the two corresponding ones of 
Fig. 14, represent unknown amino-acids; the middle one 
is in the position occupied by ‘fast arginine’, a basic 
amino-acid already found in other sources (Dent, 1948). 
The spot marked with a cross is believed to be due to 
methylhistidine. The material analyzed on each chromato- 
gram was: Fig. 14, 25 yl. of the urine passed just before 
the experiment was begun; Fig. 15, 25 yl. of the urine 
secreted in the first 4 hr. of the experiment. Note the 
gross amino-aciduria and peptiduria in Fig. 15. 


Human-serum albumin. The rise in amino-acid 
concentrations in the portal blood in Exp. 13 was 
the highest of any of these experiments (Fig. 6). 
Even at this concentration of digestion products, no 
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peptides were detected. There was, however, some 
bound amino nitrogen. The urine showed spectacular 
changes (Figs. 14 and 15). There was a gross amino- 
aciduria; at least four definite ‘peptides’ were 
present and the excretion of glutamic acid was 
phenomenally high. There were also some unknown 
amino-acids and on hydrolysis a large rise in the 
content of histidine and of B-alanine occurred. The 
large amount of f-alanine, which gave no colour 
reaction with p-dimethylaminobenzaldehyde, al- 
lowed of a definite distinction from citrulline. This 
extraordinary picture was exactly reproduced 
qualitatively, although in slightly less concen- 
tration, in the other experiment (Exp. 9) in which 
human-serum albumin was fed more slowly to a 
different dog. 

Dog whole-plasma protein. Ingestion of this 
protein was not followed by any appreciable changes 
in the portal blood levels of amino-acids. The 
contrast between this result and those obtained 
with other proteins is definite and unambiguous. 
The best experiment technically was Exp. 6 because 
all the 100 g. of protein fed was retained, and the 
portal blood was followed for 8 hr. altogether. 
There seemed to be a slight but definite fall in 
plasma amino-acid concentration in the middle 
specimens. There was a slight rise in amino-acid 
concentration towards the end of Exp. 8. This was 
much less than in any of the experiments feeding 
other proteins. It may, however, be that this does 
represent slight digestion of the protein. In this 
experiment the gut was confirmed to be almost 
empty 5 hr. after the feeding, so there is no question 
of the protein having remained in the gut unchanged 
and unabsorbed. 


DISCUSSION 


The results obtained here show that large rises in 
the concentrations of many amino-acids occur in 
the portal biood of the partially gastrectomized dog 
after ingestion of casein, casein hydrolysate, ground 
beef and human-serum albumin. In marked con- 
trast to this, however, in the three experiments in 
which dog whole-plasma protein was given, only 
relatively insignificant changes were found in the 
portal blood, although in one dog it was shown 
that the protein had disappeared from the gut at 
the end of the experiment. 

In the group of experiments in which the hetero- 
logous proteins were given to the dogs, it has been 
shown that the blood amino-acids and other nin- 
hydrin-reacting substances fall into three groups; 
those which rise and fall markedly and at about the 
same rates in their blood concentrations after the 
protein meal; those which vary less regularly 
tending if anything to rise slightly throughout the 
5 hr. period, and those which are present in only 
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small quantities and do not change appreciably 
during the experiment. The first group comprises 
the amino-acids commonly found in protein hydro- 
lysates. This group is not completely accounted 
for, since hydroxyproline and tryptophan, which, 
present in smail amounts in the proteins fed, would 
be expected to occur only in low concentrations, 
were never detected, and since methionine and 
cystine were not looked for systematically. 
Methionine sulphoxide, although not thought to 
occur in proteins, was detected and appeared also 
to belong to this group (Exps. 5 and 7). The second 
group comprises «- and y-aminobutyric acids and 
perhaps glutamine. The third group comprises 
taurine, citrulline (and/or f-alanine) and the 
unidentified amino-acid ‘fast aminobutyric acid’. 

The amino-acids belonging to the first group are 
interpreted to represent the most important, 
possibly the only, compounds by which the 
original protein is transferred from the gut into 
the portal blood prior to its delivery to the liver 
and tissues. This view is based partly on the fact 
that these amino-acids are those which are liberated 
by hydrolysis of the protein in question. In one 
experiment (Exp. 5) in which casein was fed, it was 
further possible to show chromatographically that, 
with the exception of glutamic acid, the rise in con- 
centration of each of the amino-acids corresponded 
roughly to what would be expected when the 
appropriate amount of the protein hydrolysate was 
added to the fasting blood (see Figs. 8 and 9). 

Further suggestive evidence that the excess of 
amino-acids found in the portal blood represents the 
products of protein digestion and absorption is to be 
obtained by comparing the portal blood levels with 
those in systemic blood. Chromatographic analysis 
showed that in the casein experiment (Exp. 2) the 
portal blood had definitely higher concentrations of 
amino-acids than the systemic blood although there 
were no significant qualitative differences. The same 
result was obtained after feeding casein hydrolysate 
(Exp. 7, and Figs. 11 and 12) where there could be 
less doubt that absorption as amino-acids was taking 
place. These chromatographic results are supported 
by the more numerous and accurate quantitative 
analyses of Christensen (Addendum to this paper), 
who found that the total and free «-amino nitrogen 
was appreciably higher in portal than in systemic 
blood in all 1 and 2-5 hr. specimens, although they 
were sometimes approximately equal in the 5 hr. 
specimen when presumably the absorption from the 
gut was at an end. 

The second group of amino-acids, which occur in 
the blood, are interpreted as being compounds 
released by the tissues after the further metabolism 
of the common amino-acids. This would account for 
the tendency to rise slowly in concentration during 
the 5 hr. period. There is some evidence that 
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a«-aminobutyric acid is formed from methionine 
(Dent, 1947), presumably representing what is left 
behind after it has lost its methyl group and sulphur 
atom. y-Aminobutyric acid is most likely to arise 
from the decarboxylation of glutamic acid although 
no direct evidence on this point has been obtained 
here or in the past except in experiments on putrefac- 
tion (Ackermann & Kutscher, 1910). It is difficult to 
draw conclusions from the behaviour of glutamine 
since this substance usually gives a distorted spot 
on the chromatograms. Moreover, the rough quan- 
titative determinations of glutamine by the chroma- 
tographic method using the strength of the nin- 
hydrin colour reaction do not give figures as high 
as have been reported for dog plasma by enzymic 
(Archibald, 1944) and by chemical (Hamilton, 1945) 
methods. The reasons for this discrepancy are not 
clear. 

The amino-acids of the third group are believed 
to play no part in the processes occurring during 
protein digestion. 

The objection that the blood amino-acid levels 
are too low to account for the observed transference 
of nitrogen from one part of the body to another 
can be disposed of by a consideration of the volume 
of blood flow in question. In a normal dog weighing 
10 kg. the portal-plasma flow can be taken to be 
roughly about 200 ml./min. (Burton-Opitz, 1911; 
Macleod & Pearce, 1914; Soskin, Essex, Herrick & 
Mann, 1938; Lipscomb & Crandall, 1947). Even at 
this rate of flow a concentration of 4 mg. of amino 
nitrogen/100 ml. can transfer several grams of 
nitrogen in the 5 hr. span of an experiment. During 
digestion of a protein meal it is likely that a large 
increase in portal flow occurs which would be 
adequate to transfer all the nitrogen given in these 
experiments from the gut to the tissues in the form 
of amino-acids. 

No evidence was obtained that peptides can be 
absorbed in any appreciable amounts since none 
was found in the blood by the various chromato- 
graphic methods tried, even under the circumstances 
induced by the partial gastrectomy operation, which 
caused rises in total free amino nitrogen concentra- 
tion of up to six times normal (see Addendum). The 
chemical results of Christensen (Addendum) do, 
however, indicate that about 1 mg./100 ml. of 
‘bound «-amino nitrogen’ is present in the blood 
and that this amount increases during the course of 
protein digestion. Similar rises after hydrolysis in 
the concentration of some amino-acids were also 
found by chromatography (Exp. 12). There is con- 
siderable doubt as to the nature of this bound 
nitrogen. It may be due to peptides, but could 
equally well be from amino-acids substituted, like 
the glycine in hippuric acid, on the «-amino nitrogen 
atom. There is indirect evidence for the existence of 
further examples of such acylated amino-acids. It 
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is interesting that in some of the experiments 
recorded here (e.g. Exps. 7, 9 and 13) increases after 
hydrolysis in the amounts of free histidine and 
citrulline (and/or f-alanine) in the plasma were 
noted. In view of the definite identification of the 
latter as B-alanine in the urine in one case (Exp. 13) 
it may be that the substance increasing after 
hydrolysis is always B-alanine, and if so it would be 
very likely that they both arise from the presence 
of carnosine in the blood. Carnosine can be detected 
by paper chromatography (Dent, 1948), but may be 
missed in low concentrations. Although it is a true 
peptide it could not arise from simple hydrolysis of 
a protein. A liberation of carnosine from the tissues 
into the blood, coincident with a rapid uptake from 
the blood by the tissue cells of free amino-acids from 
the protein digestion, agrees with the views of 
Christensen, Streicher & Elbinger (1948). In guinea 
pigs amino-acids appear to compete with each other 
for the means by which they are concentrated by 
the cell, with the result that the ability of tissue 
cells to hold one amino-acid may decrease when 
other amino-acids are present in high concentrations 
in the blood. Such a rule might hold for a simple 
peptide like carnosine. Another reason for con- 
sidering that the protein is not appreciably absorbed 
into the portal blood as peptides is based on the 
results of Exp. 4. In this experiment the intestinal 
contents vomited by the dog 4-5 hr. after giving the 
casein contained amino-acids and very high con- 
centrations of peptides, most of the amino nitrogen 
being in peptide form. The chemical analysis also 
done by Christensen on this sample confirmed this 
result. However, the portal-blood samples obtained 
at 2-5 and 5 hr. and worked up and analyzed in 
exactly the same ways showed only the usual small 
amounts of bound amino nitrogen and no definite 
evidence of peptides. It would seem from this that 
the intestinal mucous membrane was acting as a 
very efficient barrier to the absorption of peptides. 
However, the finding of some ‘peptides’ in the 
urine when these were not detected in the blood 
(Exps. 7, 9 and 13; Figs. 13 and 15) does indicate 
the possibility of the absorption of small quantities. 
It was remarkable that the same four ‘peptides’ 
were found in the urine in the two experiments in 
which human-serum albumin was fed. The urinary 
concentration of blood peptides after the intra- 
venous infusion of Amigen has been observed by 
Christensen et al. (1946). 

With regard to the results found after ingestion 
of dog whole-plasma protein it must first be 
emphasized that all the evidence obtained here has 
been negative in character. The homologous protein 
disappeared from the gut and no trace of it was 


‘found in the portal or systemic blood by the same 


methods as were applied in the experiments with 
heterologous proteins. Several explanations of this 
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can be advanced. Technical errors in the chromato- 
graphic analysis are not considered likely in view of 
the very definite results and of the many control 
samples taken. Moreover, the entirely independent 
chemical analyses of Christensen (Addendum) have 
given the same results in the case of Exp. 6. We are 
left then with the following possibilities. First, that 
the protein is broken down to amino-acids in the 
gut, and that the intestinal mucous membrane 
resynthesizes them into plasma protein, in which 
form they are then taken up by the portal blood. 
Secondly, the protein may be absorbed into the 
portal blood as large peptides, which, if of high 
molecular weight, would not be detected by the 
methods used. Thirdly, the protein is absorbed 
largely in an intact or undigested form. 

The possibility of absorption of homologous 
intact plasma protein should be considered seriously, 
particularly in the light of present views upon the 
mechanism of particulate fat absorption and upon 
the passage of plasma proteins through cellular 
membranes (Madden & Whipple, 1940). It is 
interesting too to remark on the peculiar gut 
reaction which always occurred when the plasma 
was given. The tendency to diarrhoea and vomiting, 
not related to the strong salt concentration of the 
plasma (Exp. 6), indicates that an abnormal state 
of affairs was induced in the intestine. Intact 
absorption of toxins and antitoxins from the gut in 
the adult animal can only occur after the mucous 
membrane has been damaged by simultaneous 
feeding of bile or of purgatives such as castor oil 
or aloes (Grasset, 1929). It was unfortunate that 
Exp. 10, in which denatured homologous plasma 
was fed, failed because of the exceptionally severe 
vomiting, for it would have been difficult to imagine 
that such denatured protein could be absorbed 
intact. A serious difficulty in accepting any theory 
of intact absorption concerns the expected action 
of the gut enzymes. A preliminary experiment 
(unpublished work) in which dog plasma was incu- 
bated in turn with gastric and mixed intestinal 
juices obtained from other dogs, and then analyzed 
on paper chromatograms has shown conclusively 
that complete breakdown to free amino-acids can 
result. If the experiments recorded here are to be 
reconciled with the theory of intact absorption it 
has to be assumed that this absorption takes place 
far more rapidly than the enzymic process or that 
the stimulus for secretion of the enzymes is 
lacking when homologous plasma is fed. A further 
objection exists, however, that cannot be readily 
disposed of. Clearly, if fed homologous plasma is 
absorbed intact then the nutritional result should 
be in every way identical with that obtained by 
giving the same amount intravenously ; a fact which 
would be of possible clinical value. This, however, is 
not the case. Plasma protein given by vein to dogs 


ABSORPTION OF PROTEINS 


331 


in nitrogen equilibrium produces a definite nitrogen 
retention lasting some days, while the same dose by 
mouth, however, produces the full amount of extra 
nitrogen in the urine (Holman, Mahoney & Whipple, 
1934). No increased urinary output of sugar occurs 
in phlorrhizinized dogs after giving plasma by vein, 
although there is an increase after giving it by 
mouth (Howland & Hawkins, 1938). Yuile & 
Hawkins (1941) later showed that a marked azo- 
taemia occurred after feeding homologous plasma, 
good evidence that it was being metabolized. 
Similar differences in response to fed and injected 
plasma protein have been noted in human sub- 
jects (Forbes, Albright, Reifenstein, Bryant, Cox 
& Dempsey, 1948; Eckhardt, Lewis, Murphy, 
Batchelor & Davidson, 1948). 

A possible explanation is that the plasma is 
associated with a nitrogen-retaining hormone, de- 
stroyed on passage through the liver and therefore 
only capable of exerting its action on the nitrogen 
balance when in the systemic, rather than in the 
portal, circulation. It is easier, however, to assume 
that the homologous protein is partly at least broken 
down in the gut before absorption, and that in this 
condition it cannot be resynthesized to the original 
protein. This would conform with modern views 
that the processes of synthesis and degradation of 
proteins are quite distinct and irreversible. 

The fact that each of the dogs given homologous 
plasma had had a partial gastrectomy may be the 
explanation for the possible differences between 
these results and those of other workers. 

The passage of intact homologous plasma protein 
through intestinal mucous membranes has long ago 
been demonstrated (Voit & Bauer, 1869; Heiden- 
hain, 1894). It is also well known that homologous 
plasma protein disappears when placed in many 
serous cavities in the body, e.g. peritoneal or 
pericardial (Hamburger, 1895). 

At the present time it is not possible to decide in 
favour of any of the above mechanisms of homolo- 
gous protein absorption from the gut. Further work 
is in progress on this subject as most of the theories 
suggested are open to direct experimental trial. 


SUMMARY 


1. Dog portal blood removed by means of the 
London (1935) cannula has been examined by paper 
chromatography at intervals after feeding various 
proteins. Jugular blood was also examined in some 
dogs. A partial gastrectomy operation had been 
performed on most of the dogs as this was shown to 
result in more rapid disappearance of the protein 
from the gut. 

2. Under these conditions the ingestion of hetero- 
logous proteins such as casein, casein hydrolysate 
(Amigen), ground beef and human-serum albumin, 
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resulted in large increases in the amino-acid con- 
centration of the portal blood. The jugular blood 
showed quantitatively smaller but qualitatively 
similar changes. 

3. After ingestion of casein the rises in the con- 
centrations of individual amino-acids in the portal 
blood paralleled closely those which could be 
brought about by adding the appropriate amount of 
casein hydrolysate to the fasting blood in an in 
vitro experiment. Glutamic acid, however, behaved 
in an exceptional manner for it was present in the 
portal blood to a much smaller extent than in the 
artificial mixture. 

4. Peptides were not definitely found in the 
portal blood in any instance. Some evidence was 
obtained for the occasional presence of bound 
amino nitrogen of unknown identity. In some cases 
this was likely to have been in the form of carnosine. 

5. After ingestion of human-serum albumin the 
urine contained excessive quantities of many amino- 
acids, especially of glutamic acid. There were also 
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several ‘peptides’. Similar but less prominent 
changes in the urine were found after ingestion of 
Amigen. 

6. The blood amino-acids appeared to belong to 
three types: those which rose and fell character- 
istically after the protein meal, those which varied 
less regularly, tending if anything to rise slightly 
throughout the 5 hr. period, and those which did 
not change appreciably during the experiment. 

7. Dog whole-plasma protein when given to the 
dogs by mouth did not cause any significant rise 
in portal amino-acid concentration, and neither 
peptides nor bound amino nitrogen were found. 

8. It is suggested that the homologous plasma 
protein was absorbed either intact or as large 
fragments, and that the heterologous proteins may 
have been largely if not entirely absorbed as free 
amino-acids. 

The authors gratefully acknowledge the help and 
encouragement given them by Dr G. H. Whipple and his 
department. : 
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EXPLANATION OF PLATES 4 AND 5 


PuLateE 4 


Fig. 2. Drawing showing the London cannula sutured in its 
final position to the portal vein. A strip of omentum is 
wrapped round the cannula, as shown in the inset, before 
the abdomen is finally closed. To withdraw portal blood 
the trocar is removed and a long needle inserted through 
the cannula until the wall of the vein is pierced. 


Fig. 3. X-ray photograph of dog with cannula in position 
during an injection of thorotrast into the portal vein 
(Exp. 5). The branches of the portal vein can be seen 


weakly outlined. This confirmed that true portal blood 
samples had been taken in the experiment. 


Fig. 4. Photograph of chromatogram from a typical sample 
of fasting portal blood (Exp. 13). (In this and subsequent 
photographs, standard exposures and routine of develop- 
ment have been imposed.) 


Fig. 5. Photograph of chromatogram from the portal blood 
2-5 hr. after feeding 500 g. of ground beef (Exp. 12). 


PLATE 5 


Fig. 6. Photograph of chromatogram from the portal blood 
2-5 hr. after feeding 100 g. of human albumin (Exp. 13). 
This shows the highest concentration of amino-acids seen 
in any of these experiments. It should be compared 
with fasting blood from the same experiment seen in 
Fig. 4. 


Fig. 7. Key to Fig. 6. 1=aspartic acid, 2=glutamic acid, 
3=serine, 4=taurine, 5=glycine, 6=threonine, 7 =ala- 
nine, 8=glutamine, 9=tyrosine, 10=phenylalanine, 
11=leucines, 12=valine, 13=a-amino-n-butyric acid, 
14=histidine (this does not appear in Fig. 6 but can be 
seen in Figs. 5, 8 and 9), 15=‘fast-aminobutyric acid’, 
16=proline, 17=methionine sulphoxide, 18 =y-amino- 
butyric acid, 19=arginine, 20=lysine. In addition three 
unidentified substances, A, B and C, are shown, which 
appear, where outlined, as yellow areas. Substance A 
causes the serious distortion of aspartic and glutamic 
acids which are pushed apart in the upper region and 


caused to run into one another below. The oblique line 
shows the approximate dividing line between the two 
amino-acids as determined by the use of markers. B and 
C usually overlap slightly, as shown. B causes the least 
trouble in practice; C, however, may overlie glutamine 
or push it slightly up or down. Serine and taurine and, 
to a less extent, threonine are also pulled into long 
streaks, presumably while they are moving with the 
yellow substance during the phenol run. 


Fig. 8. Photograph of chromatogram from the portal blood 
2-5 hr. after feeding 100 g. of casein (Exp. 5). This 
should be compared closely with Fig. 9. See text for 
further discussion. 


Fig. 9. Photograph of chromatogram from fasting portal 
blood (Exp. 5) with enough acid-hydrolyzed casein added 
to it to match the total amino-nitrogen level of the 
sample shown in Fig. 8. 


Addendum. Conjugated Amino-acids in Portal Plasma of Dogs 
after Protein Feeding 


By H. N. CHRISTENSEN, The Children’s Hospital, and the Department of Biological Chemistry, 
Harvard Medical School, Boston, Massachusetts, U.S.A. 


(Received 27 April 1948) 


The best available evidence for the absorption of 
important quantities of peptides during protein 
digestion came from the laboratory of Dr E. S. 
London from experiments upon dogs having can- 
nulae affixed to various blood vessels (for references, 
see Christensen, Decker, Lynch, Mackenzie & 
Powers, 1947). The deficiencies in the analytical 
procedures used in this field have been discussed 
(Christensen et al. 1947). A re-examination of the 
question in dogs with cannulated portal veins 
has been made possible through the kindness of 
Dr C. E. Dent in supplying us with ultrafiltrates of 





plasma obtained from dogs in experiments de- 
scribed in the preceding paper (Dent & Schilling, 
1949). Analysis of these samples for «-amino 
nitrogen by the manometric ninhydrin procedure, 
before and after acid hydrolysis, showed measurable 
increases in the amino-acid conjugates accompanied 
by very large rises in free amino-acid concen- 
trations. 
EXPERIMENTAL 

a-Amino N was determined in replicate by the manometric 
ninhydrin method at pH 2-5 (Hamilton & Van Slyke, 1943) 
upon samples of plasma ultrafiltrate before and after 
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hydrolysis by acid (Christensen & Lynch, 1946). In the case 
of dog 14, glutamine was also determined by the loss of 
a-amino N upon prolonged heating (Hamilton, 1945). In 
this experiment the free and bound «-amino N were deter- 
mined at pH 4-7 (not pH 2-5). Glycine was determined 
by the formaldehyde released by ninhydrin (Alexander, 
Landwehr & Seligman, 1945). 





DISCUSSION 


Significant increases in the amino-acid conjugates 
of plasma were observed after the feeding of casein, 
ground beef and human-serum albumin (Table 1). 
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digestion in these experiments were not necessarily 
fragments of the proteins fed, since the feeding of 
L-glutamic acid to dogs (Table 1) or of glycine to 
humans (Christensen, Cooper, Johnson & Lynch, 
1947) produced increases in the conjugates of plasma. 

A decrease in the glycine concentration of plasma, 
as well as a net decrease in the non-glycine, non- 
glutamine amino-acids, was observed during gluta- 
mate absorption (Table 1). Dent has observed 
decreases in other amino-acids in the same samples 
by paper chromatography. This chromatogram on 
125 yl. of the 1 hr. portal-plasma ultrafiltrate 


Table 1. Amiéino-acids of portal and jugular plasma after feeding of protein and of glutamic acid 
(The values are in mg./100 ml. of ultrafiltrate.) 


0 hr. 1 hr. 2-5 hr. 5 hr. 

Dog. Type of qr ae o_O FT 
no. Material fed a-NH.-N Portal Jugular Portal Jugular Portal Jugular Portal Jugular 
4 Casein (100 g.) Total 5-17 5-57 11-61 10-47 14-74 12-70 6-03 8-68 

Free 4-56 5-02 10-11 9-37 14-46 11-59 5-58 8-24 
Bound 0-61 0-55 1-5 1-1 0-3 1-1 0-45 0-44 
5 Casein (100 g.) Total 4-84 4-97 16-5 13-0 18-9 12-2 10-4 11-56 
Free 4-41 3-88 13-4 10-80 16-3 9-30 10-2 9-06 
Bound 0-43 1-1 3-1 2-2 2-6 2-9 0-2 2-5 
6 Canine plasma protein Free 4-10 3-53 3-94 3-06 2-69 3-18 3-24* 3:-06* 
(100 g.) 
12 Ground beef (500 g.) Total 6-6 5-4 6-73 5-6 16-3 10-9 14-90 8-88 
Free 5-84 4-64 5-84 4-62 14:8 - 13-75 8-32 
Bound 0-8 0-8 0-9 1-0 1-5 1-2 0-6 
13 Human-serum albumin Total 5-10 — 17-1 -— 23-8 19-1 10-13 8-33 
(100 g.) Free 4-26 3-83 14-4 10-15 21-9 16-9 9-00 7-43 
Boundt 0:8 — 2-7 — 1-9 2-2 1-1 0:9 
14 L-Glutamic acid (as Glutamine 1-10 1-21 1-59 1-59 0-98 1-10 0-71 0-99 
glutamate) (3 g./kg.) Glycine 0-20 0-19 0-24 0-22 0-15 0-13 0-17 0-13 
Non-gly- 2-69 2-79 9-99 8-08 4:46 3-80 2-24 2-02 
cine, non- 
glutamine 


Bound 0-92 0-59 
* These two samples were taken at 8 hr. 


— 0-47 0-71 0-81 1-38 1-12 


+ These values include no appreciable amount of acetyltryptophan. The urine excreted during this test contained 
342 mg./100 ml. of free «-amino N, which was 21 times the pre-test concentration. 


These increases were far smaller, however, than 
those of free amino-acids. Furthermore, large and 
consistent portal-jugular concentration differences 
were found in the free amino-acids but not in the 
conjugates, suggesting that the latter were perhaps 
entering the blood from the digestive tract much 
more slowly than were the free amino-acids. As a 
result of the partial gastrectomy, and the large size 
of the protein feeding, the ratio of the amount of 
protein to the amount of digestive enzymes present 
in the intestine was undoubtedly unusually large. 
This might be expected to favour the absorption of 
intermediate degradation products of the proteins. 
During digestion the intestine contained large 
quantities of peptides as indicated by the analysis 
of the vomitus of dog 4, obtained 4-5 hr. after the 
test meal had been given. Of the ultrafilterable 
amino-acid nitrogen present, 84% was in peptide 
form, 16% free (Dent & Schilling, 1949). 

The conjugates found in plasma during protein 


showed, apart from the very large quantities of 
glutamic acid, only a slightly raised concentration 
of alanine, and just detectable traces of proline and 
of arginine. All the other amino-acids were un- 
detectable (Dent, private communication). These 
observations, together with similar observations in 
guinea pigs, will be discussed elsewhere (Christensen, 
Streicher & Elbinger, 1948). 


SUMMARY 


1. During the digestion of several protein meals 
by partially gastrectomized dogs, increases occurred 
in the concentrations of conjugated amino-acids of 
portal and jugular plasma. 

2. The results indicate that at most a minor part 
of the protein was absorbed in peptide form. The 
plasma conjugates were not necessarily fragments 
of the proteins fed since increases in plasma con- 
jugates were also produced by feeding 1-glutamic 
acid. 
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The Metabolism of Sulphonamides 


6. THE FATE OF SOME N*-n-ACYL DERIVATIVES OF AMBAMIDE (MARFANIL) 
AND THE SULPHONE, V 335, IN THE RABBIT 


By R. L. HARTLES anp R. T. WILLIAMS, Department of Biochemistry, University of Liverpool 


(Received 20 October 1948) 


We have shown (Hartles & Williams, 1947) that the 
drugs ambamide (Marfanil) and V 335 lack systemic 
antibacterial activity because they are rapidly de- 
aminized and oxidized to inactive metabolites. 
We suggested that the marked in vitro activity of 
these drugs might be preserved in vivo if the bio- 
logically labile —CH,NH, group could be protected 
by a group which is removed in the body at a rate 
which allows therapeutic concentrations of the free 
drugs to be attained. Acetylambamide (p-acetamido- 
methylbenzenesulphonamide), which has no anti- 
bacterial activity (Klarer, 1941), is however ex- 
creted unchanged (Hartles & Williams, 1947). The 
acetyl group certainly protects the —-CH,NH, 
group against deamination and oxidation, but is 
itself resistant to hydrolysis in the body. It does 
not follow, however, that, if the acetyl derivatives 
are resistant to hydrolysis in vivo, then other 
acylamino derivatives are also resistant. We have 
therefore synthesized and studied the fate of a 
number of n-acyl derivatives of the type 


R.CONHCH, SO, R, 


where R.CO is a n-acyl group, and R’ is —NH, in 
ambamide derivatives and —CH, in V 335 deriva- 
tives. 

Not only have we searched for possible therapeutic 
agents among these compounds, but we have also 
noted a relationship between the chain length and 
the degree of hydrolysis of the acylamino group. 


The extent of hydrolysis was assessed from the 
output in the urine of either p-carboxybenzene- 
sulphonamide or p-methylsulphonylbenzoic acid 
and unchanged acyl derivatives, the reactions 
assumed to take place being 


(a) R.CO.NH.CH,.C,H,.SO,NH, >R.COOH + 
NH,.CH,.C,H,.SO,NH, >COOH.C,H,.SO,NH, 
for ambamide derivatives and 


(6) R.CO.NH.CH,.C,H,.SO,CH, > R.COOH + 
NH,.CH,.C,H,.SO,CH,; > COOH.C,H,.SO,CH, 
for V 335 derivatives. 


EXPERIMENTAL 


Materials and methods 


Synthesis of n-acyl derivatives of ambamide and V 335. 
With the exception of acetylambamide (Klarer, 1941; 
Bergeim & Braker, 1944) and acetyl V 335 (Jensen, Schmith, 
Brandt, Lauritson & Hanson, 1944) all the compounds now 
described are new and were prepared by the same general 
method. 

p-Aminomethylbenzenesulphonamide, m.p. 153° (amba- 
mide base), or p-aminomethylphenyl methyl sulphone, 
m.p. 85° (V 335 base), was heated with a molecular equiva- 
lent of the fatty acid for 30 min. at 150-160°. The mixture 
was cooled, broken up and recrystallized from water (for 
formyl, propionyl and butyryl derivatives) or from ethanol 
(for Cy-C,, acyl derivatives). The analytical data and 
melting points for these compounds are given in Table 1. 
All the compounds appeared white or colourless and the 
yields were 50-60% of theory. 
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Table 1. Analytical data and melting points of N-n-acyl derivatives of p-aminomethylbenzenesulphonamide 
(ambamide) and p-aminomethylphenyl methyl sulphone (V 335) 


Compound M.p. (°) 
Derivatives 

Formylambamide* (white needles) 149 
Acetylambamidet 177 
Propionylambamide (plates) 144 
Butyrylambamide (plates) 144 
n-Pentane-1l-carbonylambamide (prisms) 173 
n-Heptane-1-carbonylambamide (plates) 150 
n-Nonane-1-carbonylambamide (plates) 150 
n-Undecane-1-carbonylambamide (plates) 147-5 
n-Tridecane-1-carbonylambamide (plates) 145-5 
n-Pentadecane-1-carbonylambamide (prisms) 147-5 
n-Heptadecane-1-carbonylambamide (plates) 151-5 


Derivatives of V 335 


Formyl V 335* (plates) 134 
Acetyl V 335t 125 
Propionyl V 335 (plates) 150 
Butyryl V 335 (plates) 122 
n-Pentane-1l-carbonyl V 335 (plates) 125 
n-Heptane-l-carbonyl V 335 (plates) 130 
n-Nonane-1-carbonyl V 335 (plates) 133 
n-Undecane-1-carbonyl V 335 (plates) 133-5 
n-Tridecane-1-carbonyl V 335 (plates) 130-5 
n-Pentadecane-l-carbonyl V 335 (plates) 133-5 
n-Heptadecane-l-carbonyl V 335 (plates) 108 


Found Formula requires 
OSS 
C(%) H(%) Formula C (%) H (%) 
of ambamide 
45-4 4-6 C,H,,0,N.8 44-9 47 
49-65 6-0 C,9H,,0,N.8 49-6 5-8 
52-1 6-6 CyH,03N8 51-55 6-3 
54-4 71 C13H903N,S 54-9 71 
57°8 17 C,;H,0,N,S 57-7 1-7 
59-7 7-9 CypHy30,N,S 59-95 8-3 
62-2 8-9 C,,H,.0,N.8 61-9 8-75 
63-0 9-1 C.,H,,0,N.S 63-6 9-15 
64-6 9-5 Cy3HyO,N,8 65-05 9-5 
66-3 9-95 C,;H,0O,N.S 66-3 9-8 
50-4 5-25 C,H,,0,NS 50-7 5-2 
54-4 6-2 C,,H,;0;NS 54-75 6-3 
56-7 68 C,sH,,0,NS 56-45 6-7 
59-3 7-6 C,4H.,0,NS 59:3 15 
61-75 8-3 C,.H,;0,NS 61-7 8-1 
63-0 8:3 CygH950,NS 63-7 8-6 
65-7 9-4 C.9H30,NS 65-35 9-05 
66-8 9-4 CosH ,0,NS 66-8 9-45 
68-1 9-8 C.,H,,0,NS 68-05 9-75 
69-25 10-0 Cyg5H,,0,NS 69-1 10-05 


* These were presented to us by R. F. Reed, Ltd., Barking, and are described here for the first time with their 


permission. 
} These acetyl derivatives are included for completeness. 


Animals and administration of drugs. Chinchilla rabbits 
(2-5-3-0 kg.) maintained on a diet of 50 g. Lever cubes and 
200 g. cabbage daily were used throughout. The compounds 
(1 g. doses) were suspended in water and administered by 
stomach tube. Urines were collected daily and analyzed 
for unchanged material and for p-carboxybenzenesulphon- 
amide or p-methylsulphonylbenzoic acid. With the n- 
pentane-1l-carbonyl and higher derivatives the faeces were 
also examined for unchanged compounds, 

Estimation of the carboxylic acids in urine. The sample of 
filtered urine (c. 100 ml.) was acidified with 1/10 vol. of 
conc. HCl and extracted continuously with ether for 3 hr. 
The extract was evaporated and the residue dissolved in 
2n-NaOH. After filtration, this solution was.acidified with 
conc. HCl, kept at 0° for 1 hr. and the precipitated carboxylic 
acids filtered into a tared Gooch crucible, dried and 
weighed. 

Isolation of unchanged compounds from urine. (a) Procedure 
for formyl, acetyl and propionyl derivatives. The filtered 
urine sample (c. 100 ml.) was saturated with (NH,), SO, and 
then extracted four times with half a volume of methyl 
ethyl ketone. The solvent was distilled from the extract 
and the residue recrystallized from hot water, filtered, dried 
and weighed. 

(6) Procedure for butyryl and higher derivatives. The 
filtered urine sample was extracted with ether continuously 
for 3 hr. A longer period did not increase yields. The 
extract was evaporated and the residue was recrystallized 


from water or aqueous ethanol and the crystals were 
filtered, dried and weighed. 

Isolation of unchanged compounds from faeces. Faeces, 
collected for 5 days after feeding the drugs, were ground 
with anhydrous Na,SO, and extracted with acetone in a 
Soxhlet apparatus. The acetone was removed and the dry 
residue was dissolved in the minimum of hot absolute 
ethanol. The acyl derivative present was precipitated with 
light petroleum (b.p. 40-60°) and filtered off. After re- 
crystallization from 90% ethanol, the compound was dried 
and weighed. 


RESULTS 


Table 2 gives the detailed results for two compounds. 
It should be noted that the urinary excretion of 
metabolites of the formyl, acetyl, propionyl and 
butyryl compounds was complete in 24 hr. after 
dosing, whereas for the n-pentane-1l-carbonyl and 
higher derivatives a 48 hr. collection was necessary. 
Tables 3 and 4 give the average results for all the 
derivatives studied. Table 5 gives the approximate 
percentage of the dose of the n-pentane-1-carbonyl 
and higher derivatives of ambamide and V 335 
eliminated in the faeces collected for 5 days after 
dosing. The lower derivatives were completely 
absorbed and none appeared in the faeces. 
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le Table 2. The urinary excretion of metabolites by rabbits receiving the formyl 
and n-pentane-1-carbonyl derivatives of ambamide 


Un- _—p-Carboxy- 
changed benzene Percentage of 
Sample compound sulphon- dose excreted 
Urine ana- recovered amide in —— 








Rabbit Wt. Dose vol. lyzed insample sample Un- Oxi- 
Compound fed no. (kg.)  (g.) (ml.) (ml.) (mg.) (mg.) changed dized 
Formylambamide 108 2-5 1 310 100 240 9-4 71-1 3-0 
109 2-3 1 360 100 210 4-5 73-2 1-7 
112 2-6 1 270 100 238 5-4 63-0 1-5 
n-Pentane-1-carbonylambamide 91 3-0 1 (i)* 170 160 0 143) 0 49-6 
(ii) 160 145 0 191 
99 2-7 1 (i) 165 150 0 — aa 
(ii) 115105 0 25 0 39-5 
114 3-2 1 (i) 155 135 0 194) 
(ii) 140 130 0 95) : 
* The metabolites of n-pentane-1-carbonylambamide are excreted during 2 days. 
Table 3. The urinary excretion of metabolites of n-acyl derivatives of ambamide in the rabbit 
(Formula of compounds: R.CONHCH,C,H,SO,NH,. Dose 1 g./animal.) 
Percentage of dose excreted 
As p-carboxy- 
No. of benzene-sulphon - 
' Ambamide derivative fed R experiments Unchanged amide 
(Ambamide) —- 3 (0)* (84)* 
Formyl H 3 69-1 2-1 
Acetyl CH, 3 54-6 0 
Propionyl C,H; 3 62-1 0 
Butyryl C,H, 3 41-9 20-8 
a n-Pentane-1l-carbonyl C,H, 3 0 44-6 
n-Heptane-l-carbonyl C,H,; 2 0 43-5 
n-Nonane-1-carbonyl CyHy, 3 0 15-3 
n-Undecane-1-carbonyl Cy, Hos 2 0 0 
n-Tridecane-1-carbonyl C,3He, 2 0 0 
* These figures are quoted from Hartles & Williams (1947). 
} 
Table 4. The urinary excretion of metabolites of n-acyl derivatives of V 335 in the rabbit 
(Formula of compounds: R.CONHCH,C,H,SO,;CH;. Dose 1 g./animal) 
Percentage of dose excreted 
io = . 
As p-methyl- 
No. of sulphonylbenzoic 
V 335 derivative fed R experiments Unchanged acid 
(V 335) — (0)* (87)* 
Formyl H 3 48-5 15-8 
Acetyl CH, 3 61-1 0 
Propionyl C,H, 3 42-9 13-1 
Butyryl C,H, 3 3-0 62-1 
n-Pentane-1-carbonyl CsHy, 3 0 56-8 
n-Heptane-1-carbonyl C,H,; 2 0 41-0 
n-Nonane-1-carbonyl C,H, 3 0 22-2 
n-Undecane-1-carbonyl C,, Hy; 2 0 0 
n-Tridecane-1-carbonyl C,3H2, 2 0 0 
* These figures are quoted from Hartles & Williams (1947). 
99 
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Table 5. Faecal excretion of n-acyl derivatives of 
ambamide and V 335 by rabbits 
Percentage of dose 


excreted unchanged 
in the faeces in 


Compound fed 5 days 
Butyrylambamide 0 
n-Pentane-1-carbonylambamide 5 
n-Heptane-1-carbonylambamide 10-15 
n-Nonane-1-carbonylambamide 30 
n-Undecane-1-carbonylambamide 40 
n-Tridecane-1-carbonylambamide 50 
Butyryl V 335 0 
n-Pentane-l-carbonyl V 335 2-3 
n-Heptane-l-carbonyl V 335 10 
n-Nonane-1-carbonyl V 335 40 
n-Undecane-1-carbonyl V 335 50 
n-Tridecane-1-carbonyl V 335 50 


Injection of butyryl V 335. The derivatives higher 
than butyryl were not soluble enough to be injected. 

Butyryl V 335 (500 mg.) was dissolved in 15 ml. of 
physiological saline solution at 40° and injected -subcu- 
taneously into a 3 kg. rabbit. The urine was examined each 
day for the following 3 days for the unchanged drug and 
p-methylsulphonylbenzoic acid. No unchanged drug was 
excreted, but the acid was found on the first and second 
days (yields 100 and 50 mg. respectively), but not on the 
third day. 


Thus butyryl V 335 on injection is converted 
mainly to p-methylsulphonylbenzoic acid as is 
found on oral administration (see Table 4), although 
excretion of the acid takes longer after injection 
than after feeding. 


DISCUSSION 


The present work shows that the extent of deacyla- 
tion and subsequent deamination and oxidation of 
the p-acylaminomethylsulphones depends on the 
chain length of the acyl group. This conclusion is 
illustrated in Fig. 1, in which the number of carbon 
atoms in the acyl group is plotted against the ratio: 
(oxidized compound) x 100/(oxidized + unchanged 
compound). 

Free ambamide and V 335 are excreted entirely 
oxidized. Formylambamide is only slightly deacyl- 
ated and oxidized, the main bulk being excreted 
unchanged in the urine. Formyl and propionyl] 
V 335, however, do undergo deacylation, for about 
25% of the absorbed compounds is excreted as p- 
methylsulphonylbenzoic acid and 75% is un- 
changed. Both acetyl derivatives and propionyl- 
ambamide are excreted entirely unchanged. With 
the higher derivatives (butyryl, n-pentane-, n- 
heptane- and n-nonane-l-carbonyl) of V 335, the 
absorbed part is excreted entirely deacylated and 
oxidized. Butyrylambamide is deacylated and 
oxidized to the extent of 33%, the rest of the 
absorbed drug being excreted unchanged. The higher 


R. L. HARTLES AND R. T. WILLIAMS 





1949 


derivatives of ambamide are not completely 
absorbed, but that which is absorbed is entirely 
deacylated and oxidized. As the chain lengths of 
derivatives increase beyond butyryl, absorption of 
the drugs becomes progressively less (Fig. 2) and 
much of the unchanged drug is eliminated in the 
faeces. The compounds with a chain length of more ~ 
than 10 carbon atoms are not absorbed at all. 


x100 


Oxidized compound 
Oxidized + unchanged compound 





0 ‘2 3 4 6 8 10 
No. of C atoms in acyl group 


Fig. 1. The relation between the extent of deacylation in 
the rabbit of N-n-acyl derivatives of ambamide and of 
V 335 and the number of carbon atoms in the acyl 
group R.CO-. x - - - - x, ambamide derivatives; e——e, 
V 335 derivatives. 
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e 4. 2 °3 = 6 8 10 a 
No. of C atoms in acyl group 


Fig. 2. Graph showing the percentage of N-n-acyl deriva- 
tives of ambamide and V 335 absorbed and oxidized by 
rabbits, plotted against the number of carbon atoms in 
the acyl group R.CO-. x - ---x, ambamide derivatives; 
e——e, V 335 derivatives. 


% of compound accounted for in the urine 


It is clear from these experiments that, beyond 
the acetyl and propiony] derivatives, the longer the 
chain the easier is the deacylation and consequent 
oxidation. These results are similar to those of 
Kohl & Flynn (1940) who found that in vitro de- 
acylation by rat liver extract of N4-n-acylsulphanil- 
amides occurred more readily as the chain length 
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increased. This is not true, however, for acyl- 
sulphamezathines (Krebs, Sykes & Bartley, 1947). 

It is also interesting to note that neither of the 
acetyl derivatives are deacetylated by the rabbit. 
This inability of the rabbit to split the acetamido 
group to any great extent has now been observed 
in this laboratory with a number of compounds of 
the type ArNHCOCH;, where Ar represents an 
aryl group (e.g. acetanilide, o- and p-acetamido- 
phenols, phenacetin, p-acetamidobenzoic acid, p- 
acetamidophenylacetic acid, acetylsulphanilic acid 
and N*-acetylsulphanilamides) or ArCH,NHCOCH, 
(e.g. p-hydroxybenzylacetamide, acetylambamide 
and acetyl V335) (Smith & Williams, 1948; 
Hartles & Williams, 1948). 

Krebs e¢ al. (1947) point out that enzymes 
splitting N*-acylsulphonamides belong to the group 
called ‘acylases’ by Abderhalden & von Ehrenwall 
(1931). These enzymes split the peptide link in 
compounds of the type RCONHR’. In the com- 
pounds studied here RF is a n-alkyl group and R’ is 
either —CH,C,H,SO,NH, (ambamide derivatives) 
or —CH,C,H,SO,CH, (V 335 derivatives). Splitting 
of the acylamino group in the intestine before 
absorption is ruled out because only unchanged 
compounds were found in the faeces. 

It was not expected that any of these acyl 
derivatives would have anticlostridial activity in 
vitro, because of blocking of the amino group. This 
expectation was confirmed by the antibacterial 
test quoted in the Appendix. It is clear from Fig. 1 
that formyl, propionyl and butyryl V 335 and 
butyrylambamide are compounds which are 
possible therapeutic agents in vivo, for all four are 
deacylated in vivo and therefore there is the 
possibility that free V 335 and ambamide may be 
released in the tissues in therapeutic concentrations 
if deamination is not too rapid. These four com- 
pounds were tested in vivo for antibacterial 
activity, against a Clostridium septicum infection in 
mice (see Appendix). Although they were ad- 
ministered orally in doses of 1 g./kg. every 4 hr. 
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they had no permanent curative effect, but they 
did show some activity in the earlier hours of the 
treatment. Dr Henderson suggested that although 
the drugs might show greater effectiveness in 
larger doses and with extended treatment, con- 
tinuation of the trials was not justified in view of 
the much greater effectiveness, for example, of 
sulphapyridine. 


SUMMARY 


1. The extent of deacylation and subsequent 
deamination and oxidation of a series of N-n-acyl 
derivatives of p-aminomethylbenzenesulphonamide 
(Marfanil or ambamide) and of p-aminomethyl- 
phenyl methyl sulphone (V 335) has been studied 
in the rabbit. 

2. Formyl-, acetyl- and propionyl-ambamide are 
largely excreted unchanged in the urine. Acetyl 
V 335 is similarly excreted unchanged. 

3. Butyrylambamide and formyl, propionyl and 
butyryl V 335 are partly deacylated and oxidized 
and partly excreted unchanged in the urine. 

4. As the chain length of the acyl group increases 
from C,, the amount of the acyl derivatives of 
ambamide and V 335 absorbed becomes progres- 
sively less and at C,, none is absorbed and the 
compounds appear in the faeces. That part of the 
C, and higher derivatives which is absorbed is, 
however, completely deacylated and oxidized. 

5. Twenty new derivatives of ambamide and 
V 335 have been synthesized, and a selection of 
them showed no activity in vitro against Cl. welchii. 

6. The in vivo therapeutic possibilities of the 
compounds studied have been discussed. 


The authors wish to thank R. F. Reed Ltd., Barking, for 
generous supplies of ambamide, V 335 and their formyl 
derivatives, and Drs A. Spinks (Imperial Chemical Industries 
Ltd.) and D. W. Henderson (Microbiological Research 
Department, Porton) for the antibacterial tests. The 
expenses of this work were in part defrayed by a grant 
from the Medical Research Council. 


Appendix. Antibacterial Testing of Ambamide and V 335 Derivatives 


In vitro tests. A selection of the compounds 
described above was tested for antibacterial 
activity against Mycobacterium tuberculosis and 
Clostridium welchii. The testing was arranged by 
Dr A. Spinks who sent us the report shown in 
Table 6. 

In the tests on Myco. tuberculosis the index 
<1/1 represents no effect at all at 1/1000 dilution. 
The index <1/3 means incomplete inhibition at 
1/1000 dilution, but some partial inhibition down to 
1/9000. The indices 1/4 and 1/5 mean partial inhibi- 
tion down to dilutions of 1/27,000 and 1/81,000 


respectively. It is clear that formyl derivatives show 
more inhibition than the others. 

In vivo tests. The four compounds which, as 
Fig. 1 suggests, may have therapeutic activity in 
vivo were tested against an infection with Cl. 
septicum in mice by Dr D. W. Henderson* of 
the Microbiological Research Department, Porton. 
Dr Henderson reports as follows: ‘The route of 
infection was the mildest we know of, and the 
number of lethal doses kept to a low level. None of 

* These results are published with the permission of the 
Chief Scientist, Ministry of Supply. 
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these compounds would seem to compare with, for 
example, M and B 693. There is just a suggestion 
that they had some effect because at the 12th hour 
(see Table 1) the controls showed definite signs of 
illness, whereas the mice under treatment appeared 
quite well. By the 24th hour there is no therapeutic 
effect evident.’ 


R. L. HARTLES AND R. T. WILLIAMS 
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Table 7. The effect of formyl, propionyl, and butyryl 
V 335 and butyrylambamide on an infection with 
Clostridium septicum in mice 


(Mice. Weight, 18-20 g.; 10 mice in each group. Infec- 
tion: about 10 minimal infecting doses (50 spores); 0-05 ml. 
saline spore suspension + 0-05 ml. 5% aqueous CaCl, mixed 
immediately before injection intradermally into shaved 


Table 6 Activity abdomen. Drugs: 20 mg. of the drug suspended in 0-5 ml. 
Rien saline given by mouth at each dose, (i) 1 hr. before infection, 
Myco. (ii) 4 hr. after infection, (iii) 8 hr. after infection and 

tubercu- (iv) 12 hr. after infection.) 

Compound losis Cl. welchii State of animals 
Sen = — 12 hr. after 24 hr. after 48 hr. after 
n-Heptane-1-carbonylambamide <1/1 es infection infection _ infection 
n-Tridecane-1-carbonylambamide <1/l na D : c ae — a wal 
n-Heptadecane-l-carbonylambamide <1/1 - er Sick Dead Sick Dead Sick Dead 
Formyl V 335 <1/5 * Controls (no drug) 7/10 0/10 2/10 8/10 — 10/10 
Acetyl V 335 <1/l 5 Formyl V 335 0/10 0/10 3/10 7/10 — 10/10 
Propionyl V 335 <1/3 os Propionyl V 335 = 0/10 0/10 1/10 9/10 — 10/10 
n-Undecane-l-carbonyl V 335 <I/l sg Butyryl V 335 0/10 0/10 — 10/10 — — 
n-Pentadecane-1-carbonyl V 335 <1/1 = Butyrylambamide 0/10 0/10 1/10 9/10 — 10/10 
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The Fluorimetric Estimation of Riboflavin in Foodstuffs 
and other Biological Material 


By E. KODICEK anp Y. L. WANG 
Dunn Nutritional Laboratory, University of Cambridge and Medical Research Council 


(Received 30 July 1948) 


Various methods have been published for the 
estimation of riboflavin (Hodson & Norris, 1939; 
Conner & Straub, 1941; Andrews, 1943; Barton- 
Wright & Booth, 1943; Slater & Morell, 1946; 
Morell & Slater, 1946; Morell, 1947). Some of them 
employ adsorption of the vitamin on activated sur- 
faces and its subsequent elution. The disadvantages 
of the adsorption techniques are that they are 
tedious, and may result in serious losses because of 
incomplete adsorption or elution of riboflavin 
(Rubin & DeRitter, 1945). Since 1942 we have used 
with satisfactory results the method described 
below, which, by using a sensitive photocell-galva- 
nometer circuit, enabled us to estimate the vitamin 


directly without concentrating it by adsorption. 
A similar technique has been described by Rubin, 
DeRitter, Schuman & Bauernfeind (1945) and by 
Scott, Hill, Norris & Heuser (1946). 


EXPERIMENTAL 
Principle of method 


The main features of our technique are: 

(1) Extraction on the water bath with 0-1 N- 
HCl. Precipitation of proteins .by metaphosphoric 
acid, and/or digestion with takadiastase when 
starchy materials are assayed. 








oat 





Vol. 44 


(2) Washing of the extract with chloroform at 
acid pH, and oxidation with saturated potassium 
permanganate solution followed by treatment with 
hydrogen peroxide to decolorize the remaining 
permanganate. 

(3) The extracts: are adjusted to pH 6, and 
methanol added to clarify the extract if necessary. 

(4) Fluoriphotometric readings are taken using 
a blue filter for the incident light and a yellow 
filter between the solution and photocell. A sensi- 
tive photocell-galvanometer circuit is used. 

(5) In the blank, the riboflavin is reduced to 
a non-fluorescent compound with a neutralized 
solution of sodium dithionite (Na,S,0,). 


Reagents 


HCl (0-1n); NaOH (20%, w/v); acetic acid (1%, w/v); 
metaphosphoric acid (25%, w/v) freshly prepared; KMnO, 
(4%, w/v); H,O, w/v (3%, w/v); chloroform; methanol; 
light petroleum ; acetone-0-2 y-H,SO, solution (1:1); sodium 
dithionite solution: 0-5 g. Na,S,0,, 0-6 g. NaHCO, dissolved 
in 10 ml. water, prepared immediately before use. Taka- 
diastase (Parke, Davis and Co.). 

Riboflavin standard. Riboflavin (25 mg.) in 50 ml. 
distilled water (at 50°)+1 ml. glacial acetic acid. Mix 
with a further 500 ml. distilled water (at 50°), stir until 
completely dissolved, and make up to 1 1. with distilled 
water and ethanol to a final concentration of 20%. The 
solution was kept in a dark brown bottle in the refrigerator. 
A dilute standard solution, containing 5 yg./ml., was pre- 
pared each week by diluting 10 ml. of the strong riboflavin 
standard to 50 ml. with 20% ethanol acidified with 1 drop 
of cone. HCl. . 


Apparatus 


Single photocell fiuurimeter (Cohen type), connected with 
a sensitive galvanometer (Cambridge Instrument Co., short 
period galvanometer, 460 resistance at 20°, external 
resistance for critical damping 28000, 4-4 sec. period, 
4600 mm. deflexion for 1 pamp. at 1 m. The deflexion was 
doubled by placing the scale at a distance of 2 m.). A photo- 
cell was chosen with a high sensitivity and a suitable inner 
resistance to obtain the critical damping of the galvano- 
meter. The light source was a Hewittic Ulviare Therapeutic 
Lamp, a.c. burner, 3500 c.p., with a suitable optical 
arrangement. 

The Hilger fluorimeter can be used as a Cohen type 
instrument by connecting the galvanometer directly with 
the right-hand cell as described by Bolton (1944). 

The following filters were used: Calorex and Wratten 
no. 47A (blue) between the light source and solution; 
Flavazin filter Wratten no. 16 between the solution and 
photocell. 

Preparation of extracts 


Different extraction procedures have to be used depending 
on the material examined. The extraction procedures 
should be carried out in a semi-darkened room. 


(a) For foodstuffs rich in proteins 
When dried eggs are assayed, a preliminary treatment is 
necessary. Wash the weighed sample of the egg powder with 


FLUORIMETRIC ESTIMATION OF RIBOFLAVIN 


341 


light petroleum, centrifuge, repeat washing, centrifuge, 
evaporate off the remaining light petroleum on a water bath 
and proceed as below with the HCl extraction. 

Heat a weighed ground sample of the foodstuff (con- 
taining about 15 yg. of riboflavin) with 50 ml. of 0-1N-HCl 
on a boiling water bath for 30 min. Cool and add 5 ml. of 
25% metaphosphoric acid. Mix, wait 10 min., then centri- 
fuge. Decant the supernatant fluid. Re-extract the residue 
with 35 ml. of 1% acetic acid for 10 min. on the water bath. 
Centrifuge and unite the liquid with the previous extract. 
Wash residue with 10 ml. of 1% acetic acid (no heating 
necessary) and centrifuge. Combine the extracts and make 
up to 100 ml. with water. Wash a sample (30-50 ml.) with 
an equal volume of chloroform in a separating funnel. 
Centrifuge to hasten the separation of the layers. Oxidize 
25 ml. of the clear aqueous layer by adding a 4% solution of 
KMn0, drop by drop with continuous stirring. Allow the 
pink colour to disappear completely before adding the next 
drop. Continue the additions until a faint pink lasts for 
30 sec. Decolorize the excess KMnO, with 1-2 drops of a 
3% H,0, solution. Wait 5 min., then neutralize to pH 5-5- 
6-0 with 2% NaOH (i.e. yellow to bromothymol blue and 
blue to bromocresol green, used as external indicators). Make 
up to 75 ml. with water. Centrifuge if necessary. 


(b) For cereals and foodstuffs containing starch 


Use 5-10 g. of material for extraction. Add 50 ml. of 
0-1N-HCl and, stirring continuously, bring the mixture to 
the boil. Continue with the extraction as described above, 
omitting the metaphosphoric acid. Centrifuge while warm. 
Bring the combined supernatants to pH 4:5 with 20% 
NaOH (bromocresol green as external indicator). Digest 
the solution with 10-20 mg. of takadiastase (Parke, Davis 
and Co.) for 2 hr. at 37° in an incubator in the presence of 
a few drops of sulphur-free toluene. Adjust the volume to 
100 ml. Centrifuge the digested extract. Add to a sample 
of the supernatant fluid 4 drops of conc. HCl and wash 
with an equal volume of chloroform in a separating funnel. 
Proceed as above by taking 30 ml. of the washed extract 
for oxidation. After adjusting the pH of the solution to 
5-5-6-0, add 10 ml. of methanol and bring the volume to 
50 ml. with water. Centrifuge for a short time if a precipi- 
tate has formed. 


(c) Acetone-H,SO, (1:1) extraction, suitable for cereals and 
vegetables 


An alternative extraction procedure has been devised 
which gives comparable results with the extraction pro- 
cedure (6), and can be used in some samples where extrac- 
tion (b) does not result in clear extracts. 

Reflux 5 g. of the sample with 50 ml. of the acetone- 
0-2N-H,SO, solution on a water bath for 30 min. Cool and 
centrifuge. Decant off the liquid and return the residue to 
the flask with 35 ml. of fresh acetone-H,SO, solution. 
Reflux for a further 15 min. Centrifuge, and wash the 
residue with 15 ml. of fresh acetone-H,SO, solution. 
Combine the supernatant fluids and evaporate off the 
acetone completely in vacuo at about 60°. Dilute the 
residual aqueous solution to 50 ml., wash with chloroform, 
and proceed as under (0). 

Notes. The takadiastase preparation should be tested for 
the presence of appreciable amounts of riboflavin, and if 
necessary the proper correction should be made. It is also 
advisable to check the reagents, especially methanol, for a 
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possible blank fluorescence. The final extracts should be 
water clear even under inspection in ultraviolet light, other- 
wise quenching will interfere with the accuracy. Auto- 
claving with 0-05n-HCl is a possible alternative extraction 
procedure, but extraneous colours were observed with 
certain foodstuffs which decreased the reliability of this 
procedure, 
Measurement of fluorescence 


Add to glass cell A 0-2 ml. water, and to glass cell B 
0-2 ml. (1 ug.) of the dilute riboflavin standard. Measure 
17 ml. of the unknown solution into each of the two glass 
cells A and B. Take at least three alternate readings in 
quick succession on both solutions by moving the sliding 
carrier into position. Then add 0-2 ml. of a freshly prepared 
Na,S,0, solution to glass cell A, stir and take readings again. 
As the reduction may take 30-60 sec. to complete take 
readings until repeats agree. This last reading gives the 
value for the blank. 

Calculation 
Riboflavin =@—* ,. 78, Ya.) gs 

Qs - me 2 8 

where S =amount of sample taken (g. or ml.); Q, = galvano- 
meter reading in mm. of the unknown solution (i.e. glass 
cell A before reduction); Q, =galvanometer reading in mm. 
of the unknown solution + 1 yg. of riboflavin (i.e. glass cell B) ; 
B=galvanometer reading in mm. of the blank (i.e. glass 
cell A after reduction); V,=vol. of combined aqueous 
extracts; V,=vol. of aqueous extract taken for oxidation; 
V,=vol. of final solution prepared for fluorimetry. 
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Fig. 1. Standard curve for pure riboflavin. 


Sensitivity of method and standard 
reference curve 
We have found that 1 yg. of riboflavin in 17 ml. of 
0-05m-phosphate-acetic buffer of pH 6 gives a maximum 
galvanometer deflexion of 182 mm.; by closing the adjust- 
able slit which decreases the exciting light, we normally 
work with a deflexion of 90 mm. for 1 yg./17 ml. of solution. 
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Fig. 1 shows the response curve. There is a straight-line 
relationship between galvanometer readings and concen- 
tration of riboflavin up to at least 5 wg./17 ml. of solution. 


Reproducibility 


To check the reproducibility of the method, several 
samples were analyzed in 8-12 replicates (Table 1). The 
coefficient of variation ranged from 2-2 to 46%. The 


Table 1. Reproducibility of results 


Riboflavin 
as 
Standard 
error of 
No. of single deter- Coefficient 
estima- Mean mination of variation 
Material tions (yg./g.) (ug./g.) (%) 
Yeast, dried 8 50-2 +1-082 2-2 
Meat, dehy- 8 6-92 +0-321 46 
drated 
Soya bean 12 3°72 +0171 4-6 


Table 2. Riboflavin content of various foods 


No. of 
samples Riboflavin (yg./g.) 
(different 
Material sources) Mean Range 
Beef, fresh 3 1-6 1-5-1-7 
Beef, dehydrated 1 6-2 — 
Beef, corned 2 2-0 1-8—2-2 
Pork, fresh 2 2-4 2-1-2-7 
Pork, dehydrated 3 4:5 4-3-4:8 
Liver, calf 6 13-5 11-8-14-6 
Liver, sheep 10 29-4 21-6-36-0 
Liver, guinea pig 1 40-0 — 
Eggs, dried 10 13-8 8-2-15-3 
Milk, fresh, cow’s 3 15 1-4-1-8 
Milk, human 6 0-6 0-4-0-7 
Wheat flour, 100% 5 1-2 1-05-1-35 
extraction 
Rye, flour mixed, 1 2-7 — 
whole 
Oatmeal 1 1-0 = 
Sussex oats, ground 1 1-5 — 
Maize meal, yellow 1 0-8 — 
Soya bean, Manitoba 1 3-7 
brown 
Soya flour, low fat 1 7:2 -—— 
Soya flour, high fat 1 12-0 — 
Peanuts 1 2-8 — 
Potatoes, fresh 4 0-33 0:29-0:39 
Potatoes, peeled, 
dehydrated: 
Doon Star l 13 — 
King Edward 1 15 — 
Majestic 1 0-6 — 
Tomatoes 1 0-5 — 
Carrots 3 0-55 0-42-0-76 
Carrot puree 1 0-27 —- 
Pea puree 1 1-4 — 
Cabbage, inner leaves 2 0-3 0-21-0-45 
Grass, vacuum dried 1 4-4 
Yeast, Torula utilis, oan 37-2 28-7-50-2 
dried 
Yeastrel 1 42-6 ~- 
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accuracy of the method decreases with decreasing con- 
centration of riboflavin in the material examined. This low 
variation was confirmed by Bolton (private communication), 
who found with our procedure a coefficient of variation 
of 53% when analyzing ground-nut cake in 12 repeats 
(2:38 yg. riboflavin/g., standard deviation + 0-127, or 5-3 %). 


RESULTS 


Various foodstuffs were examined for their content 
of riboflavin. As may be seen in Table 2 the method 
is applicable to a wide variety of material. A 
number of foodstuffs have been assayed both 
chemically and microbiologically. The latter method 
is described in a following paper (Kodicek, 1949). 
Good agreement was found. 

The method described above obviates the lengthy 
process of adsorption. The extraction of riboflavin 
when combined with enzymic digestion seems to be 
complete. The resulting extracts are clear and 
almost colourless. 

It is important to point .out that when di- 
thionite is used as the reducing agent, blue light is 
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essential for obtaining the correct blank reading. 
We have observed that under ultraviolet light 
Na,.S,O, reduces very strongly, or rather extin- 
guishes almost completely, the total fluorescence of 
the extract. When a cell containing this reducing 
agent is placed in a beam of ultraviolet light in 
front of a cell containing riboflavin, the solution 
does not fluoresce. When blue light is used as the 
exciting source the fluorescence is almost unaltered. 


SUMMARY 


1. A modification of a fluorimetric method for 
the estimation of riboflavin has been described. 

2. It estimates directly the fluorescence of ribo- 
flavin by using a sensitive photocell-galvanometer 
circuit without recourse to adsorption. 

3. Washing of the extracts with chloroform and 
oxidation by potassium permanganate and hydrogen 
peroxide reduces the interference by unspecific 
fluorescent substances. The reduction of riboflavin 
by sodium dithionite has been used to obtain the 
value of the blank. 
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The Fluorimetric Estimation of Nicotinamide in Biological Materials 


By D. K. CHAUDHURI anp E. KODICEK 
Dunn Nutritional Laboratory, University of Cambridge and Medical Research Council 


(Received 31 August 1948) 


Scudi (1946) has reported that when a solution of 
nicotinamide is treated with cyanogen bromide 
(CNBr) and then extracted with ztsobutanol at an 
alkaline pH it fluoresces like the F, compound 
formed from N}!-methylnicotinamide. Pyridoxal, 
vitamin B,, N}-methylnicotinamide and certain 
alkaloids also produce a similar fluorescence under 
these experimental conditions. Kodicek (1947) has 
modified the conditions by using methyl ethyl 
ketone in a single phase at an alkaline pH instead of 


extracting with isobutanol. Even then vitamin B,, 
pteroylglutamic acid, N}-methylnicotinamide, py- 
ridoxal and quinolinic acid interfere. 

On re-examination of the reaction we have found 
that a fluorescent compound can be obtained from 
nicotinamide on treatment with cyanogen bromide, 
and on standing at an alkaline pH, without recourse 
to an organic solvent. By further modifications it 
was possible to eliminate the interference of other 
fluorescent substances. A method has thus been 
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worked out for the specific estimation of nicotin- 
amide in various materials in the presence of other 
nicotinic acid derivatives. 





JX PERIMENTAL 


Fluorimeter. The photoelectric fluorimeter used in these 
experiments was of the ‘one photocell type’, with Wood’s 
and calorex filters fitted between the incident light and the 
solution, and Wratten no. 47 andno. 2A filters placed between 
the solution and the photocell. A sensitive mirror galvano- 
meter (3800 mm./1 yamp.) was placed at a distance of 2 m. 
from the scale to obtain a high degree of sensitivity. 

Reagents. NaOH (5n); CNBr; prepared fresh just before the 
experiment by adding ice-cold 10% aqueous NaCN drop by 
drop from a burette to ice-cold saturated bromine water until 
it is just decolorized; 0-2mM-KH,PO,-NaOH buffer solution, 
pH 7-2; metaphosphoric acid (25%), freshly prepared; 
nicotinamide standard containing 2-5 mg./100 ml. water, 
prepared weekly from a stronger nicotinamide solution. 
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are kept in the dark at room temperature for 45 min., after 
which the readings of fluorescence can be taken. 

The blank correction. For the blank, the solution under- 
goes the same treatment except that the CNBr reagent is 
not added (‘No CNBr’ blank). The galvanometer deflexion 
due to the blank was usually 1 mm. when working with 
mixtures of pure substances. 


Variation of factors 


The conditions of the reaction described above have been 
studied by varying the individual factors which may affect 
the formation of the fluorescent compound. 


(1) Effect of varying concentrations of CNBr and NaOH and 
of time in alkali on the development of fluorescence 

Fig. 1 shows the effect of 2 and 4 ml. CNBr and also of 
4, 6 and 8 ml. 5n-NaOH. It will be seen that 4 ml. CNBr 
(added in the first stage) and 8ml. 5n-NaOH (added in 
the second stage) give the best readings. The maximum 
fluorescence was attained in 30 min. and was constant for at 
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Effects of varying concentrations of CNBr and of NaOH, and of time in alkali on the development of fluorescence 


of nicotinamide solutions. A=4 ml. 5n-NaOH; B=6 ml. 5n-NaOH; C =8 ml. 5n-NaOH. 


Principle of method for solutions of 
pure substances 


First stage (CNBr treatment). The nicotinamide standard 
(2 ml. containing 50 yg. nicotinamide) and 2 ml. phosphate 
buffer, are mixed with the CNBr solution and distilled water 
to about 14 ml. in 15 ml. glass-stoppered measuring flasks. 
The flasks are immersed for 4 min. in a water bath at 
56-58°, then cooled in ice-cold water for 5 min. and the 
volume made up to 15 ml. with water. 

Second stage (development of fluorescence). From 5 to 
15 ml. of the CNBr-treated solution are taken, 8 ml. 
5n-NaOH added, and the volume made up to 30 ml. with 
water in a measuring cylinder. The contents are mixed 
thoroughly and transferred to a conical flask. The solutions 


least another 90 min. A period in the dark of 45 min. 
has therefore been adopted. 

Higher concentrations of CNBr (6 ml.) caused a decrease 
of fluorescence. Slightly larger amounts of NaOH (10 and 
12 ml.) did not change the maximal fluorescence, but 16 ml. 
caused a diminution. Therefore 4 ml. CNBr and 8 ml. 
5N-NaOH have been adopted. 

The concentration of the phosphate buffer was found to 
be of no consequence so long as its final concentration was 
kept above 0-01m. We used 1 ml. 0-2m-phosphate buffer in 
15 ml. of the reaction mixture. 


(2) Fluorescence with increasing amounts of nicotinamide 


Fig. 2shows the fluorescence obtained with increasing con- 
centrations of nicotinamide. The fluorescence is proportional 
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to the concentration of nicotinamide up to a final value 
of about 0-6 ug./ml. 
130 
120 
110 
100 


Galvanometer reading (mm.) 





oO 04 02 03 04 05 06 07 08 09 10 1-1 
Final conc. of nicotinamide (ug./ml.) 


Fluorescence obtained with increasing 
amounts of nicotinamide 


Fig. 2. 


(3) Elimination of interference by other fluorescent compounds 


The following compounds were tested and found not to 
fluoresce: N1-methylnicotinamide, nicotinic acid, coramine, 
quinolinic acid, «-picolinic acid, trigonelline, nipecotic acid 
(piperidine-3-carboxylic acid), urea, uric acid, yeast 
nucleic acid, choline chloride, p-aminobenzoic acid, adeno- 
sinetriphosphate, inositol, biotin, calcium pantothenate, 
riboflavin and indole. On the other hand, vitamin B, and 
diphosphopyridine nucleotide gave a fluorescence under the 
conditions of our test. Pyridoxal, pteroylglutamic acid 
and nicotinic thioamide (Karrer & Schukri, 1945) gave a 
slight fluorescence. 
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The fluorescence due to vitamin B, and coenzyme I was 
particularly strong. To eliminate this interference, two 
possible ways were explored: (1) the use of another blank, 
i.e. the ‘No NaOH’ -blank, and (2) pre-treatment of the 
vitamin solution, prior to the CNBr treatment, by acidi- 
fication to remove acid-insoluble compounds, like folic acid, 
followed by weakly alkaline digestion which destroys the 
vitamin B, fluorescence but does not affect that due to 
nicotinamide. 

The ‘No NaOH’ blank, which was obtained by omitting 
the addition of 8 ml. 5n-NaOH in the second stage, proved 
to be unsuitable. On the other hand, the pre-treatment 
eliminated the interference by other substances, and did not 
diminish the fluorescence of nicotinamide, present as such 
or formed from other pyridine compounds. The results are 
seen in Table 1 which gives galvanometer readings due to 
the fluorescence of various compounds with and without 
pre-treatment. 

Pre-treatment of the solution. The solution to be tested is 
adjusted to pH 2 with conc. HCl and allowed to stand for 
5 min. at room temperature. If any precipitate is formed, it 
is centrifuged off. The solution, in a conical flask, is then 
brought to pH 9-4-9-6 with 20% NaOH (thymol blue as 
external indicator) and immersed in a boiling water bath 
for 30 min., after which it is cooled, adjusted to pH 7-2, and 
made up to a known volume. The steps described under 
‘Principle of method’ are then performed. 

From Table 1 it can be seen that this ‘ pre-treatment’ does 
not affect the intensity of the fluorescence of nicotinamide. 
Diphosphopyridine nucleotide, when tested in equimolar 
concentration, gave a fluorescence of the same magnitude as 
nicotinamide, indicating that the molecule had been split 
between the pyridine ring and ribose, and free nicotinamide 
formed. Nicotinic thioamide was converted to a compound 
giving a fluorescence, but of a lower intensity than that of 
nicotinamide. As there is no evidence that this compound 
occurs in nature, this finding is only of theoretical interest. 
All the other compounds tested by the final procedure 
showed either no, or little, fluorescence, which in every 
case was accounted for by the ‘No CNBr’ blank. Similar 


Table 1. Specificity of fluorescence 


——— 


Galvanometer reading (mm.) 





3 
With pre-treatment: final 





Without pre-treatment procedure 
om a a : ‘ 
Final ‘No ‘No Full ‘No ‘No 
cone. CNBr’ NaOH’ fluore- CNBr’ NaOH’ Full 
Substance (ug-/ml.) blank blank scence blank blank fluorescence 
Nicotinamide 0-55 1 1 71 1 1 71 
Coenzyme I (48% purity) 6-2* 46 1 70 2-5 1 72 
Nicotinic thioamide 1-1 5 1-5 2 1 1-5 45 
Aneurin 0-55 5 103 101 1 2 1 
Nicotinic acid 1-1 1 1 l 1 1 1 
Coramine Eel 0-5 0-5 0-5 0-5 0-5 0-5 
N1-Methylnicotinamide chloride 1-1 1 1 1 1 1 1 
Quinolinic acid 1-1 1 1 1 1 ; 1 1 
«-Picolinic acid 1-1 = ae = 1-5 3 1-5 
Trigonelline 1-1 — a — 1 1 1 
Urea 1-1 = = -- 1 1 1 
Pteroylglutamic acid 1-1 1 21 1 1 16 l 
Pyridoxal Bk 1 46 1-5 2 42 3 
Riboflavin 0-78 1 ll 1 4 16 4 
+* 


Equimolar with nicotinamide. 
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results were also obtained when mixtures of the above 
substances were tested. The only exception was nicotinic 
acid, the CNBr-addition compound of which decreased the 
fluorescence of CNBr-treated nicotinamide. The nature of 
this finding was examined in the following experiments. 


(4) Effect of different concentrations of nicotinic acid on the 
fluorescence of nicotinamide 


From Fig. 3 it can be seen that there is a proportional 
decrease of fluorescence with increasing concentration of 
nicotinic acid. The depression is non-competitive; it does 
not depend on the concentration of nicotinamide, since 


Galvanometer reading (mm.) 





01 O2 03 04 O05 06 07 
Final conc. of nicotinamide (ug./ml.) 


Fig. 3. Effect of different concentrations of nicotinic acid 
on the fluorescence of nicotinamide. A =nicotinamide; 
B=nicotinamide +25 pg. nicotinic acid; C =nicotin- 
amide + 50 yg. nicotinic acid; D =nicotinamide + 100 yg. 
nicotinic acid. 


when this is varied the same percentage inhibition of 
fluorescence is obtained, depending on the concentration of 
nicotinic acid (Table 2). Fortunately, even with large 
amounts of nicotinic acid, the fluorescence of nicotinamide 
is proportional to concentration within limits. We shall 
describe below how the fluorescence of nicotinamide can be 
quantitatively measured even in the presence of nicotinic 
acid by using an internal standard of nicotinamide. 

Nature of ‘quenching’ effect of nicotinic acid. The depres- 
sing effect of the nicotinic acid CNBr-addition compound on 
the fluorescence of nicotinamide seems to be an ‘inner 
filter’ effect. It occurs only with nicotinic acid; no other 
pyridine derivative gives a similar result. The ‘inner filter’ 
effect was obtained only when nicotinic acid was treated 
with CNBr, irrespective of whether the nicotinic acid was 
added, as such, at the start of the procedure or added as the 
CNBr complex immediately before the reading of the 
fluorescence. Similar results were obtained when a nicotinic 
acid-CNBr solution was placed between the fluorescent 
nicotinamide solution and the incident ultraviolet light. 
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Table 2. Percentage inhibition of fluorescence of 
nicotinamide by nicotinic acid 


Nicotinic Galvanometer 
acid Nicotinamide _ reading Inhibition 

(vg-) (Hg-) (mm.) (%) 

0 12-5 16 0 

0 25 32 0 

0 50 64 0 

Mean 0 
25 12-5 14 12-5 
25 25 28-5 11-0 
25 50 56-5 11-7 
Mean 11-7 

50 12-5 12 25 

50 25 24 25 
50 50 48-5 24-2 
Mean 24-7 

100 12-5 8 50 

100 25 16 50 
100 50 32-5 49-3 
Mean 49-8 


Final procedure for the estimation of 
nicotinamide 


Extraction and pre-treatment 

The material to be tested (5 g.) is weighed out, 
cut up finely with scissors if necessary, and ground 
with sand together with a small amount of 0-1 Nn- 
HCI (1—2 ml.). The ground tissue is transferred with 
40 ml. water into a 100 ml. beaker, and heated in a 
boiling water bath for 30 min. The solution is cooled, 
brought to pH 2 with concentrated HCl, centri- 
fuged, and the residue washed with 10 ml. 0-1 Nn- 
HCl and centrifuged. The combined centrifugates 
are brought to a known volume with 0-1 n-HCl 
(usually 40 ml.). Freshly prepared 25% meta- 
phosphoric acid (6 ml.) is added. The precipitate is 
centrifuged after standing for 5-10 min. at room 
temperature. The clear solution is brought to 
pH 9-4~-9-6 (thymol blue as external indicator), and 
is then heated in a beaker in a boiling water bath 
for 30 min. The solution is cooled, carefully adjusted 
to pH 7-2, and the volume made up to 50 ml. It is 
then filtered through Whatman no. 5 filter paper, 
and is ready for the next stage of the estimation. 
An amount of the extract (referred to as U) is taken 
to contain about 5-25 yg. of nicotinamide. 


Development of fluorescence 

First stage (CNBr treatment). Three 15 ml. glass- 
stoppered measuring flasks are taken (preferably in 
duplicate), and the reagent mixed according to the 
following scheme: 

Flask A (blank). « ml. U + 2 ml. 0-2 M-phosphate 
buffer + (12—2) ml. water. 

Flask B (unknown): x ml. U+2 ml. 0-2 m-phos- 
phate buffer + 4ml. CNBrsolution + (8 — 2) ml.water. 
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Flask C (unknown+ internal standard). 1 ml. 
(25 pg.) nicotinamide standard+z ml. U+2 ml. 
0-2m-phosphate buffer + 4ml.CN Brsolution + (7 — 2) 
ml. water. 

The flasks, after their contents have been 
thoroughly mixed, are immediately placed for 
4 min. in a water bath at 56—58°. It is convenient 
to suspend them on the rim of the water bath 
by a string counterbalanced by the stopper. The 
solutions are then cooled in ice-cold water for 
5 min. and the volume made up to 15 ml. with water. 

Second stage. The CNBr-treated solution (5 ml.) 
is placed in a measuring cylinder (up to 15 ml. can 
be taken, depending on the concentration of nico- 
tinamide and the clearness of the solution). NaOH 
(8 ml., 5 N-) is added, and the volume made up to 
30 ml. with water. The contents are mixed and 
transferred to conical flasks which are kept for 
45 min. at room temperature in the dark. The 
readings of fluorescence are then taken. 


Calculation 


Let a=galvanometer reading corresponding to 
flask A; b= galvanometer reading corresponding to 
flask B; c= galvanometer reading corresponding to 
flask C; x=ml. of U taken for analysis; and 
f=dilution factor. Then 


‘coti ide ( ; ae =. 3 
nicotinamide (yg./g. ee 





Reproducibility of results 

Replicate estimations of the nicotinamide con- 
tent of a specimen of rat muscle using the method 
described here have been statistically analyzed and 
compared with nicotinic acid results obtained with 
a modified p-aminoacetophenone procedure (Wang 
& Kodicek, 1943; Harris & Raymond, 1939). It will 
be seen that the standard error is small. The results 
are shown in Table 3. 


Table 3. Reproducibility of results 


Rat muscle Nicotinamide Total nicotinic acid 
(sample no.) ° (yg./g. tissue) (ug./g. tissue) 
1 62-5 71-2 
2 61-0 69-6 
3 65-8 68-3 
4 64:3 68-9 
5 69-5 70-8 
6 62-5 72-5 
Mean 64-3 (43-05, 70-2 (41-66, 
standard standard 
error of error of 
an indi- an indi- 
vidual vidual 
estima- estima- 
tion) tion) 
Standard error 1-24 0-68 


of the mean 
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RESULTS AND DISCUSSION 


The method as described has proved a convenient 
and rapid procedure for the estimation of nicotin- 
amide. It seems to be reasonably specific, as no 
naturally occurring substances capable of fluores- 
cence which we have tried so far have been found 
to interfere. The quenching which is experienced in 
extracts is corrected for by the internal standard. 

The method estimates total nicotinamide either 
present as such or derived from nicotinamide- 
containing compounds such as coenzyme I. These 
break down during the pre-treatment and nicotin- 
amide is liberated. Precautions must be taken 
which have been already described by Wang & 
Kodicek (1943) in the CNBr reaction: the pH must 
be adjusted carefully to 7-2, and only fresh cyanogen 
bromide, prepared from ice-cold solution, should be 
used. 


Table 4. Nicotinamide and nicotinic acid content 
of biological materials 


Present authors Krehl et al. (1946) 


ec R aaa. 
Total Total 
Nicotin- nicotinic WNicotin- nicotinic 
Material amide acid amide acid 
analyzed = (wg-/g-) (ug-/g-) (mg-/e-) (u8-/-) 
Rat: 
Liver 125 119 148 154 
Muscle 55 52 73 78 
Kidney 83 78 79 87 
Heart 91 94 — — 
Spleen 40 42-7 - ae 
Lung 19 17 — = 
Brain 35 41-8 — — 
Testis 18 21-6 — — 
Wheat bran 0 165 48 245 
Wheat flour <5 42 15 49-7 
(100 % ex- 
traction) 
Wheat germ 20-8 39-2 20-7 43-5 
Dried yeast 185-5 380 -— —_— 
Baker’s yeast 100-4 199 a ~~ 
Brewer’s yeast 62-8 124-8 _ — 
Marmite 0 640 —- — 


Table 4 shows the results obtained by our method 
on various materials. The values were compared 
with the total nicotinic acid content estimated 
chemically by a modified p-aminoacetophenone 
procedure. The results of Krehl, Huerga, Elvehjem 
& Hart (1946) on similar materials have been listed 
in this table for comparison so far as they have 
been reported. The method used by Krehl e¢ al. 
is based on a microbiological procedure using 
Leuconostoc mesenteroides, which estimates only free 
nicotinic acid. The nicotinamide and compounds 
other than nicotinic acid are therefore calculated 
by difference between values for the hydrolyzed 
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and unhydrolyzed sample. Our figures agree fairly 
well with those of the American workers. 

The rat tissues which we have studied seem to 
contain almost all their nicotinic acid in the form of 
amide, bound or free. Yeast contains about 50% of 
the vitamin as amide compounds. From our results 
we do not know whether the free nicotinic acid 
found in yeast is an artifact, caused by rapid break- 
down of the amide to nicotinic acid, though the 
same proportion of the acid and amide has been 
observed both in dried and fresh yeasts. Autolyzed 
yeast and marmite evidently contain only the 
nicotinic acid and no amide. 

Cereal products give interesting results. Krehl et 
al. (1946) reported that a certain proportion of the 
high amount of nicotinic acid compounds in bran is 
possibly present as the amide, though they qualify 
their statement that possibly the precursor of 
nicotinic acid (Kodicek, 1940; Krehl & Strong, 
1944; Krehl, Elvehjem & Strong, 1944) may con- 
tribute to the apparent nicotinamide value. We did 
not find any nicotinamide in bran and conclude 
that the ‘precursor’ of nicotinic acid present in this 
cereal must break down on our pre-treatment to 
free nicotinic acid and not to the amide. On the 
other hand, wheat germ contained about 50% of 
its vitamin content as nicotinamide. The negative 
results for 100 % extraction whole-wheat flour seem 
to indicate that only small amounts of nicotinamide 
are present which would not be detected because 
of the large experimental error occurring in low- 
vitamin extracts. 
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SUMMARY 


1. A quantitative method for the estimation of 
nicotinamide has been developed, based on the 
formation of a fluorescent compound from nicotin- 
amide on treatment with cyanogen bromide under 
specified conditions. 

2. Themethod eliminates possible interference by 
other compounds giving a similar fluorescence under 
the conditions of the test by the use of acid and 
alkaline pre-treatment and of a special blank. It 
estimates the total nicotinamide content, including 
the free and bound forms. 

3. The procedure gives specific and reproducible 
results for biological materials and for cereals, and 
the results agree -well with the reported micro- 
biological values. 

4. Practically all the vitamin in rat organs and 
muscles seems to be present in the form of the 
amide, bound or free. In bran, no nicotinamide 
could be detected before or after digestion. It is 
assumed that the breakdown product of the ‘pre- 
cursor’ of nicotinic acid present in bran is the free 
acid and not the amide. Yeast and wheat germ 
seem to contain about 50% of the vitamin present 
in the amide form, bound or free. 

Our thanks are due to Dr L. J. Harris for his criticism 
and helpful suggestions, to Prof. P. Karrer for kindly 
supplying us with nicotinic thioamide, to Dr T. H. Jukes of 
Lederle Laboratories for supplies of pteroylglutamic acid, 
and to Dr K. Folkers of Merck and Co., Rahway, U.S.A., 
for the pyridoxal hydrochloride. One of us (D. K. Chaudhuri) 
is an Indian Government Scholar. 
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The Tryptophanase-tryptophan Reaction 


9. THE NATURE, CHARACTERISTICS AND PARTIAL PURIFICATION 
OF THE TRYPTOPHANASE COMPLEX 


By E. A. DAWES anp FRANK C. HAPPOLD 
Department of Biochemistry, School of Medicine, University of Leeds 


(Received 9 July 1948) 


The name tryptophanase was given by Happold & 
Hoyle (1935) to the enzyme complex of Escherichia 
coli which induces and catalyzes the production of 
indole from tryptophan by non-viable bacterial 
preparations with the consumption of five atoms 
of oxygen (Woods, 1935). The present communica- 
tion describes the preparation of this complex in the 
cell-free state, and subsequent investigation of the 
components present by a study of the action of 
various recognized inhibitors, followed by resolu- 
tion and identification of the coenzyme factors 
involved. A preliminary announcement of some of 
the results has been made (Dawes, Dawson & 
Happold, 1947a). The investigation of the nature 
of the tryptophanase complex (Dawes, Dawson & 
Happold, 19476, c) was followed by an examination 
of its characteristics, and attempts at purification 
were carried out by ammonium sulphate fractiona- 
tion. Wood, Gunsalus & Umbreit (1947) have 
already published results of a partial purification of 
the enzyme effecting fission of the tryptophan 
molecule using a similar technique to ours; we and 
they have shown independently that pyridoxal 
phosphate is the coenzyme for the reaction, while 
they have shown also that the products of the 
reaction are one mole each of indole, pyruvic acid 
and ammonia. 


METHODS 


Washed suspensions of Esch. coli were obtained from 
cultures grown for 18 hr. at 37° on tryptic digest of casein 
solidified with agar. Indole was determined by the method 
of Happold & Hoyle (1934). For small amounts of indole 
the rosindole colour was developed with 5 ml. Ehrlich’s 
reagent and read in the Hilger Spekker absorptiometer 
using Ilford 605 spectrum yellow-green filters. The curve is 
linear over the range 1-12 yg. indole. 

For growth experiments the following amino-acid medium 
was used: L-cystine, 1 mg.; glycine, 5mg.; DL-valine, 10mg.; 
sodium pL-glutamate, 50 mg.; sodium lactate, 150 mg.; 
NaCl, 50 mg.; Na,HPO,.12H,0, 25 mg.; KH,PO,, 3-5 mg.; 
MgSO,.7H,0, 3 mg.; and FeSO,.7H,0, 35 yg. Water to 
10 ml.; pH adjusted to 7-4. 

For the microbiological assay of riboflavin the following 
basal medium was used: 10% acid casein hydrolysate, 
200 ml.; nicotinic acid, 200 yg.; calcium pantothenate, 
100 pg.; p-aminobenzoic acid, 100 yg.; biotin, 2 yg.; 


pyridoxine, 400 yg.; vitamin solution, 2 ml.; L-leucine, 
20 mg.; pL-isoleucine, 20 mg.; mineral solution, 4 ml.; 
FeSO,.7H,0, 800 yg.; pL-tryptophan, 100 mg.; L-cystine, 
800 mg.; KH,PO,, 4 g.; glucose, 20 g.; liver eluate fraction, 
2 ml. Water to 2 1.; pH adjusted to 6-8. The mineral 
solution contained: MgSO,.7H,O, 22-5 g.; CuSO,.5H,O 
(1% w/v), 5 ml; ZnSO,.7H,O (1% w/v), 4 ml.; 
MnCl, .4H,0 (1% w/v), 1-5 ml.; cone. HCl, 3 ml. Water to 
100 ml. The vitamin solution contained: pyridoxine HCl, 
8 mg.; choline HCl, 8 mg.; aneurin, 2 mg. Water to 20 ml. 

Pyruvate was determined by the method of Friedemann 
& Haugen (1943) using the toluene extraction technique 
specific for pyruvic acid. The colours were read in the 
Spekker photoelectric photometer using [ford 604 spectrum 
green filters. 

The microdiffusion method of Conway (1933) was used 
for NH, determination. 1 ml. 0-01N-HCl was placed in the 
centre compartment of the unit and 1 ml. samples of the 
solution under investigation in the outer compartment. 
KOH (40% w/v, 0-5 ml.) was used to liberate NH, and the 
excess acid was titrated with 0-01N-Ba (OH),. 

Nitrogen determinations were carried out by the micro- 
Kjeldahl method. Enzyme solution (1 ml.) was digested 
with 1 ml. cone. H,SO, with K,SO,-CuSO, catalyst. NH, 
was distilled into 0-01 N-acid and titrated with 0-01 n-alkali. 

Manometric experiments with the cell-free enzyme were 
performed with Barcroft differential manometers at 37°. 
Vessels were set up with contents: control vessel, 4 ml. 
phosphate buffer (pH 7-0) +1 ml. enzyme; reaction vessel, 
4 ml. phosphate buffer (pH 7-0)+1 ml. enzyme +250 yg. 
L-tryptophan. With NaOH in the centre wells gas evolution 
occurred both in the control and reaction vessels; when the 
NaOH was replaced by HCl, controls showed no gas 
evolution or uptake, but reaction vessels showed a steady 
evolution of CO,. Where the latter was being absorbed gas 
evolution reached a maximum and then fell off. The 
finding of gas evolution, which is removed by placing acid 
in the centre well, is difficult to explain. It is apparently a 
basic gas, but it cannot be NH, or any of the common 
volatile amines, since these would be absorbed in the 
reaction fluids at pH 7-0 under the experimental conditions. 
Proteolysis of the enzyme may be responsible for production 
of this unidentified gas. 

Activities of enzyme preparations during the purification 
procedure were determined under four conditions, viz. tubes 
containing 0-5 ml. enzyme, 0-5 ml. (1% w/v) L-tryptophan, 
4 ml. phosphate buffer (pH 7-6) to which the following 
additions were made: (a) nil, (b) 30 ng. pyridoxal phosphate, 
(c) 30 yg. riboflavin, (d) 30 wg. pyridoxal phosphate + 30 yg. 
riboflavin, were incubated at 37° and the indole content 
determined after 30 min. 





EXPERIMENTAL 


Action of various inhibitors on 
tryptophanase activity 


Experiments were conducted with washed-cell 
suspensions and with the cell-free enzyme to deter- 
mine the effect of various recognized inhibitors of 
enzyme action on tryptophanase activity with the 
object of ascertaining the type of enzyme systems 
comprising the enzyme complex. The percentage 
inhibition is given in Table 1 for the washed-cell 
suspensions and in Table 2 for the cell-free enzyme. 

Cyanide. Potassium cyanide exerts a marked 
inhibitory effect on tryptophanase activity as 
measured by inhibition of indole production. 

Various inhibitors. Semicarbazide, hydrazine, 
hydroxylamine, sodium azide, mercuric chloride, 
ferrous sulphate and copper sulphate all inhibited 
to a greater or less degree. Sodium malonate had 
no effect. 


Table 1. Effect of various inhibitors on tryptophanase 
activity of washed bacterial suspensions 


(Phosphate buffer (20 ml., pH 7-4); 1 mg. pL-tryptophan 
and 0-5 ml. washed-cell suspension in 125 ml. Erlenmeyer 
flasks. Inhibitor added to desired concentration. Flasks 
incubated aerobically at 37° without shaking; indole 
determined at times given below.) 


Time of 
Concentra- deter- 

tion mination Percentage 

Inhibitor (m x 10-5) (min.) inhibition 
Cyanide 2 15 100 
45 94 
1 15 93 
45 90 
0-6 15 88 
45 87 
0-5 15 83 
45 80 
0-4 15 83 
45 70 
Semicarbazide 10 30 64 
2-5 30 40 
1 30 26 
Hydrazine 10 30 100 
2-5 30 100 
1 30 100 
Hydroxylamine 10 30 100 
2-5 30 100 
1 30 100 
Sodium azide 10 30 50 
2-5 30 20 
1 30 7 
Mercuric chloride 10 30 100 
2-5 30 100 
1 30 100 
Ferrous sulphate 10 30 23 
1 30 2 
Copper sulphate 10 30 92 
1 30 76 
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British anti-lewisite (BAL). Inhibition was mani- 
fest over the range of concentration 0-001—0-1m. 


Table 2. Effect of various inhibitors on trypto- 
phanase activity of cell-free preparations 
(Phosphate buffer (20 ml., pH 7-4); 1 mg. pL-tryptophan 
and 0-5 ml. cell-free enzyme in 125 ml. Erlenmeyer flasks. 
Inhibitor added to desired concentration. Flasks incubated 
aerobically at 37° without shaking; indole determined at 
times given below.) 


Time of 
Concentra- deter- 

tion mination Percentage 

Inhibitor (m x 10-3) (min.) inhibition 
Potassium cyanide 20 90 100 
2 90 93 
1 90 93 
0-6 90 87 
0-5 90 83 
0-4 90 80 
Semicarbazide 10 30 29 
2-5 30 19 
1 30 15 
Hydroxylamine 10 30 95 
2-5 30 91 
1 30 86 
Hydrazine 10 30 100 
2-5 30 91 
1 30 81 
Dimedone Saturated 60 22 
solution in 120 30 
ethanol 90 22 
180 52 
BAL 100 30 100 
60 100 
50 30 100 
60 100 
10 30 99 
60 77 
5 30 90 
60 31 
1 30 Nil 
60 Nil 
Sodium malonate 33 30 Nil 


Dimedone. It was reported by Baker, Happold & 
Walker (1946) that dimedone has no effect on the 
tryptophanase activity of viable cells. Experiments 
were performed with the cell-free enzyme in the 
same manner as the original experiments so that a 
true comparison might be obtained. The dimedone 
was used as a saturated solution in ethanol and 
similar amounts of ethanol were added to the 
controls. Erlenmeyer flasks (125 ml.) were set up 
with contents: 20 ml. phosphate buffer (pH 7-4); 
0-5 mg. L-tryptophan and 0-5 ml. enzyme solution, 
to which additions were made as follows: (a) none, 
(6) 0-2 ml. ethanol, (c) 0-2 ml. dimedone solution. 
In Table 2 are given results from two such experi- 
ments using different enzyme preparations, the 
percentage inhibition produced by dimedone being 
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based on the ethanol control. Ethanol itself causes 
some inhibition. Thus dimedone has the same effect 
as the other carbonyl reagents and their inhibitory 
effect suggests the presence of a carbonyl-containing 
component such as pyridoxal phosphate. 

Carbon monoxide. A washed-cell suspension of 
Esch. coli was divided into two portions, through 
one of which carbon monoxide was bubbled for 
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Table 3. Effect of sulphanilamide on growth and 
indole production of Esch. coli in culture 


(Basal amino-acid medium to which L-tryptophan was 
added to 1-47x10-‘m (0-003% w/v). Sulphanilamide 
(m.p. 165-166°) added in serial dilutions to 10 ml. portions 
of medium distributed in test tubes. After autoclaving, each 
tube was inoculated with a loopful of light cell suspension 
and incubated at 37°.) 


10 min. and then 0-5 ml. of each sample was added ———— Growth Indole pro- 
to flasks containing the usual 20 ml. buffer and —_ rong 24 hr 48 hr. 72 hr —e e-) 
0-5 mg. L-tryptophan. Indole determinations at Nil ak ted pe 63 
15 and 30 min. showed that the inhibition produced 2-33 x 10-2 Nil Nil Nil Nil 
was 25 and 20% respectively. With 0-5 ml. cell- 2-33 x 10-3 + ++++ - 60 
free enzyme the inhibition at 15 and 30 min. was 2-33 x 10-¢ ee Rae 63 
233x105 ++++ = - 61 


60 and 25 % respectively. 

Hydrogen sulphide. This experiment was con- 
ducted in a similar manner to that with carbon 
monoxide; hydrogen sulphide was bubbled through 
one portion of the bacterial suspension or enzyme 
solution for 10 min. With bacterial suspension the 
inhibition produced in 15 and 30 min. was 28-3 and 
16-7% respectively. With cell-free enzyme it was 
55 and 52% in 30 and 45 min. respectively. 

Sulphanilamide. (a) Growth experiments. Indole 
production ran parallel with growth as shown in 
Table 3. 

(b) Effect on preformed tryptophanase of viable cells. 
Sulphanilamide was added at concentrations of 
0-0233, 0-00233 and 0-000233 o to flasks containing 
20 ml. borate buffer (pH 8-6), 0-5 mg. L-tryptophan 
and 0-5 ml. bacterial suspension. (The solubility of 
sulphanilamide precluded the possibility of in- 
creasing the concentration.) Indole was deter- 
mined at 15 min. and sulphanilamide was found to 
be without effect on preformed tryptophanase. 


Various cations. A study of the effect of various 
cations on the activity of cell-free tryptophanase 
was made. Salts investigated included CaCl,, KCl, 
FeCl,, NaCl and CuSQ,.. 

The experiments were carried out in test tubes, con- 
taining 0-5 mg. L-tryptophan, 1 ml. enzyme solution, and 
the appropriate salt to desired concentration, the volume 
being made up to 3 ml. with phosphate buffer (pH 7-4). 
The tubes were incubated at 37° and withdrawn at suit- 
able intervals when the degree of precipitation was noted 
and the indole determined. 

Table 4 shows that precipitation of the protein is 
effected by di- and tri-valent cations only, mono- 
valent cations being without effect, and also that in 
the case of calcium and ferric ions precipitation 
occurs over a definite concentration range, above 
and below which no precipitation occurs. In general 
indole production falls off markedly with increasing 
concentration of these ions, even where no precipi- 
tation occurs. 


Table 4. Action of various salts on tryptophanase activity 


(Tubes contained: 0-5 mg. L-tryptophan; 1 ml. enzyme solution; appropriate salt to desired concentration and volume 
made up to 3 ml. with phosphate buffer (pH 7-4). Incubated at 37°; indole and degree of precipitation determined at 3 hr. 
Indole production at 3 hr. is given as a percentage of the control tube. Degree of precipitation at 3 hr. denoted by + ; 


Tr.=trace; — =nil.) 











CaCl, KCl NaCl FeCl, CuSO, 
c oo ~ c SS, = = é ‘ me ; — 
Concentration Indole Indole Indole Indole Indole 
(M) Pptn. production Pptn. production Pptn. production Pptn. production Pptn. production 
4:8 ++ None ~ 2 : - 
2-0 4 , - 40 = 33 
1-2 +++ None ‘ ; ‘ 
1-0 < ; - 60 - 54 . 
0-2 ++ None - 80 - 76 - None ; ; 
0-1 . - None +++4+ None 
0-05 : . ; . : : ++++ 8 
0-04 ; ; - 100 - 100 4 ; ‘ 
0-02 + 58 - 100 - 100 ++ 90 : ’ 
0-01 . . . . . + ++ 90 a eee 8 
0-004 4 P ; . . ‘ Tr. 30 i 
0-002 . - = ‘ ° 7 , ; ++++ 8 
0-001 . 7 : . . > ; : ++++ 24 
0-0001 2 - ; ; ° z : : - 44 
- : ‘a - 100 


0-00001 ° ° ° ° . 





Preparation of cell-free tryptophanase 


Work on the preparation of the cell-free complex 
was begun with an investigation of the effectiveness 
of acetone drying and subsequent extraction. This 
method proved to be efficient (Dawes et al. 1947a). 


Preparation of acetone-dried Escherichia coli. Cells grown 
for 22 hr. at 37° on a tryptic digest of casein solidified with 
agar were harvested, washed and filtered through glass 
wool. Thick, creamy suspensions obtained in this way were 
poured into 5 vol. ice-cold acetone with constant stirring. 
The flocculated cells were filtered off on a Buchner funnel 
and washed successively with acetone, acetone-ether 
(1:1 v/v mixture) and finally ether. Drying was achieved by 
draining on the Buchner and placing in a CaCl, desiccator. 
During the filtration, care must be exercised that the cells 
are kept under the wash liquids, and not allowed to become 
dry until the final ether washing has been performed. If this 
is not observed the preparation obtained is brown and 
glutinous instead of the usual white powder, and its activity 
is seriously impaired. 

Extraction of tryptophanase from acetone-dried cells. 
Extracts were made with buffer solutions of pH 5, 7 and 9 by 
incubating 20 mg. powder/ml. buffer for 2 hr. at 37°, centri- 
fuging and testing the clear supernatant for tryptophanase 
activity. After a few trials the incubation period was 
increased to overnight. The activity of the extracts was 
measured by the indole production when 1 ml. extract was 
incubated with 5 ml. phosphate buffer (pH 7-4) and 1 mg. 
L-tryptophan. Activity was nil with extraction at pH 5, 
slight at 7 and more marked at 9. A more detailed study 
resulted in the use of borate buffer (pH 8-6) and overnight 
extraction, and this led to an investigation of the efficiency 
of salt solutions as extractants, namely KCl and Na,SO,. 
KCl was shown to be more effective than Na,SO, and far 
more effective than borate buffer (pH 8-6). 


The effectiveness of extraction at varying 
potassium chloridé concentrations, viz. saturated 
solution (approx. 27 g./100 ml.), 24 g./100 ml. 
(3-2m), 12 g./100 ml. (1-6m) and 8 g./100 ml. 
(1-06 M) was compared. Of these, maximal extrac- 
tion was obtained with a concentration of 1-6 M, 
which is practically a half-saturated solution, and 
the latter was used in all subsequent work. 

The efficiency of the extraction procedure used 
was determined by relating the activity of the 
preparation to the dry weight of material used. The 
activity was expressed as pg. indole produced/mg. 
dry wt. of material/30 min. Table 5 records the 
activity at three stages of the procedure, from which 
it will be seen that the potassium chloride extract 
contains approximately one third of the activity of 
the original bacterial suspension, and that the 
potassium chloride extracts approximately 80% of 
the activity of the acetone-dried cells. About 40% 
of the original activity is found in the acetone-dried 
cells. 


Storage of preparations. Acetone-dried cells retained 
activity over several months without appreciable loss even 
if stored in a covered dish at room temperature without 
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keeping in a desiccator. KCl extracts could be stored at 0° 
for a period without serious loss of activity, e.g. over a 
period of 16 days there was 11% loss of activity. When 
extracts were stored at 0° it was often found that a precipi- 
tate of protein separated out; this was shown to be devoid of 
tryptophanase activity and could be discarded. 


Table 5. Activity of enzyme at stages of 
extraction of tryptophanase 


(Tubes incubated at 37° with 4-5 ml. phosphate buffer 
(pH 7-6), 2 mg. L-tryptophan and 0-5 ml. enzyme prepara- 
tion.) 

Activity 
ce 


(ug. indole/mg. 


aie 


Material dry wt./30 min.) Percentage 
Cell suspension 1-59 100 
Acetone-dried cells 0-63 39-6 
KCl extract of acetone- 0-54 33-5 


dried cells 


Resolution of the cell-free enzyme 


The cell-free enzyme, obtained as potassium 
chloride extracts from acetone-dried cells, was 
subjected to 18 hr. dialysis in a collodion bag, against 
distilled water. This reduced the activity but inacti- 
vation was incomplete. The still active protein was 
kept at 0° for 7 days and again dialyzed for 18 hr. 
The dialysates were concentrated under reduced 
pressure to small volume; they were yellowish in 
colour and fluorescent in ultraviolet light. The apo- 
enzyme and dialysate were devoid of tryptophanase 
activity when tested separately with 0-5 mg. L- 
tryptophan in 5 ml. phosphate buffer (pH 7-4), but 
when added together activity was regained, though 
much reduced. Thus, 1 ml. enzyme before dialysis 
produced 26 yg. indole in 60 min., while 1 ml. re- 
constituted enzyme after dialysis produced 3 pg. 
indole in 60 min. This indicates that dialysis causes 
serious damage to the apoenzyme of tryptophanase. 
If dialysis is performed against running water then 
the enzyme can be inactivated after 18 hr. dialysis. 

Glucose-grown cells. Experiments were also per- 
formed with potassium chloride extracts of acetone- 
dried Esch. coli obtained from 18 hr. growth 
on tryptic digest casein agar to which 1% (w/v) 
glucose had been added. These cells were devoid of 
tryptophanase activity (Happold & Hoyle, 1936). 
The extracts were dialyzed in a manner similar to 
that described above to yield a protein fraction 
and a dialysate. 

Tubes were set up with the following contents: 
5 ml. borate buffer (pH 8-6) and 0-5mg. L-tryptophan 
and (a) 1 ml. apoenzyme+1 ml. glucose dialysate, 
(6) 1 ml. protein fraction + 1 ml. ordinary dialysate. 
After 60 min. incubation, the indole production was 
(a) 2 wg., (6) nil. From this, and similar experiments, 
it was evident that thedialysate from glucose-grown 
cells was capable of activating the apoenzyme of 
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tryptophanase, whereas the protein moiety of 
glucose-grown cells could not be activated. 

Riboflavin assay. Samples of apoenzyme and 
dialysate, obtained as above, were assayed for ribo- 
flavin content by the microbiological method using 
Lactobacillus casei E (Table 6). From the curve for 
acid production with known amounts of riboflavin 
it was found that the riboflavin content of 1 ml. 
apoenzyme solution was 0-265 pg. at 72 hr. and 
0-255 ug. at 90 hr. giving a mean figure of 0-260 yg. 
riboflavin/ml. With the dialysate the figures 
obtained were more divergent, viz. 0-135 and 
0-095 pg. at 72 and 90 hr. respectively, giving a 
mean figure of 0-115 yg. riboflavin/ml. 

Thus by microbiological assay both the apo- 
enzyme and the dialysate of tryptophanase (which 
were of themselves inactive for indole production) 
contain riboflavin. Apparently some riboflavin, 
presumably as a prosthetic group, is dialyzed from 
the protein. 


Table 6. Assay of protein and dialysate of 
tryptophanase for riboflavin 


(Medium (20 ml.) was dispensed in 125 ml. Erlenmeyer 
flasks and sterilized for 10 min. at 10 lb./sq.in. To each 
flask were added 0-2 ml. CaCl, solution (0-5% w/v) and 
further additions as below. Apoenzyme and dialysate used 
were obtained from KCl extracts and to counteract the effect 
of added KCl, additions of equivalent amounts of KCI solu- 
tion were made to control flasks (see Chattaway, Happold 
& Sandford, 1943). Acid production determined at 72 and 


90 hr. by titration with 0-1n-NaOH.) 
Acid production 


(ml. 0-1) 
SS 
Exp. Addition 72hr. 90 hr. 
1 Nil Nil Nil Nil 
2 Riboflavin 0-1 yg. 0-80 1-55 
3 * 0-2 ,, 1-65 2-85 
aa a 03 ,, 2-95 4-60 
5 = 0-4 ,, 4-50 9-60 
6 Protein 1:0 mi. 2-50 3-70 
7 a 2 0-40 0-60 
8 wt 0-01 ,, Nil Nil 
9 99 0-001 ,, Nil Nil 
10 Dialysate 1D: 0-95 1-30 
ll 2 Ol . Nil Nil 
12 is 0-01 ,, Nil Nil 
13 ‘- 0-001 ,, Nil Nil 


Spectrophotometric examination of dialysate. The 
original spectrophotometric analysis was kindly 
undertaken by Dr F. Bergel. The sample had a dry 
weight of 87 mg./ml. and the analysis revealed only 
one characteristic band with a maximum at 
255-5 my. and a minimum at 229 my. The shape of 
the curve obtained was similar to that of nicotinic 
acid which has its maximum at 260-262 mu. 

Spectrochemical examination of apoenzyme. The 
apoenzyme obtained by dialysis was examined 
spectrochemically by Mr J. Ewles to detect and 
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estimate any metallic elements present. A Littrow 
type spectrograph was used and a total exposure of 
250 sec. was necessary. Iron was detected and the 
spectrum of the apoenzyme was compared with 
that of iron solutions of varying strength. Iron was 
present to a concentration of 1-5 parts/1,000,000. 
Other metallic elements were not detected. 


Identification of the coenzyme factors 


Attempts were made to reactivate the apoenzyme 
using pyridoxal phosphate, riboflavin and diphos- 
phopyridine nucleotide (DPN), the presence of 
which were considered as possibilities in view of the 
interpretation of results obtained with inhibitors 
and spectrophotometric analysis. 

A cell-free extract was dialyzed against water for 
42 hr. and found to be quite inactive. Tubes were 
then set up with contents: 5 ml. phosphate buffer 
(pH 7-0)+1 ml. apoenzyme + | mg. L-tryptophan, 
to which the following additions were made: (a) nil, 
(b) 30 pg. pyridoxal phosphate, (c) 200 pg. DPN. 
After 60 min. incubation at 37° the indole pro- 
duction was (a) nil, (b) 2 pg., (c) nil. 

Experiments were repeated with additions as 
indicated in Table 7. Indole production was 
negative after 60 min. incubation so the experiment 
was repeated, incubating for 48 hr. and plating at 
the conclusion to make sure that growth had not 
occurred. 


Table 7. Action of various coenzyme factors in 
reactivation of apoenzyme of tryptophanase 


(Tubes set up with contents: 5 ml. phosphate buffer 
(pH 7-0), 1 ml. apoenzyme (prepared by dialysis against 
water for 42 hr.), 1 mg. L-tryptophan. Additions as below. 
Incubation at 37°. PP=30 yg. pyridoxal phosphate; 
R=20 yg. riboflavin; DPN=200 yg. diphosphopyridine 
nucleotide.) 


Additions to 1 ml. Indole (yg.) 


apoenzyme at 48 hr. 
Nil Nil 
PP Nil 
PP+DPN 185 
PP+R 5 
R Nil 
R+DPN 286 
DPN 160 
R+PP+DPN 395 


Table 7 shows that reactivation was achieved 
with the combined addition of pyridoxal phosphate, 
riboflavin and diphosphopyridine nucleotide. In 
such reactivation experiments where positive and 
negative findings have been found at different times 
with any single factor, it is the positive finding 
which is significant, since with a coonzyme complex 
the limiting factor is the one which is in short 
supply. In samples of apoenzyme assayed ribo- 
flavin was present, but the apoenzyme was quite 

23 
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inactive for tryptophanase. Here again is evidence 


that dialysis exerts a profound effect on the apo- 
enzyme presumably accelerating denaturation. 


Effect of carrier systems on trypto- 
phanase activity 


Verdoperoxidase. The absence of a normal cyto- 
chrome system in Esch. coli (Keilin & Harpley, 
1941), coupled with the fact that a study of the 
action of iron inhibitors indicated that iron catalysis 
was occurring, led to an investigation of related 
carrier systems. Verdoperoxidase (VPQO), which has 
been considered as a more or less modified cyto- 
chrome a derivative, was prepared to investigate 
its effect on tryptophanase activity. The prepara- 
tion was carried out according to the method of 
Agner (1943) from 1 1. of pleural fluid obtained from 
a tuberculous patient, and the resulting solution 
was tested for its effect on both washed-cell sus- 
pensions and the cell-free enzyme. 

For these experiments 125 ml. Erlenmeyer flasks 
were set up with 10 ml. phosphate buffer (pH 7-4), 
0-5 mg. L-tryptophan, 0-5 ml. VPO solution and 
either 0-5.ml. bacterial suspension or 1 ml. cell-free 
enzyme. Controls contained no VPO. The results 
in Table 8 show that VPO stimulated indole pro- 
duction in both cases. 


Table 8. Effect of verdoperoxidase (VPO) on indole 
production by washed suspensions of Esch. coli and 
by cell-free tryptophanase 
(125 ml. Erlenmeyer flasks contained 10 ml. phosphate 

buffer (pH 7-4), 0-5 mg. L-tryptophan and 0-5 ml. washed-cell 

suspension or cell-free enzyme. Incubation at 37°.) 


Indole production (yg.) 
VPO - 

(0-5 ml.) 
148-2 


Time 
Experiment (min.) 
Washed-cell 15 
suspension 


Control 
133-2 
210-6 


15-0 - 
38-0 


30 200-0 
10-5 
26-0 


Cell-free enzyme 


Cytochrome c. Since the results obtained with 
inhibitors suggested the operation of a cytochrome 
type of system in the tryptophanase complex, the 
effect of added cytochrome ¢ was investigated. The 
solution used contained 1 mg. cytochrome c/100 ml. 
0-1 M-magnesium chloride solution. Tubes were incu- 
bated at 37° with 2-5 ml. phosphate buffer (pH 7-4), 
2 mg. L-tryptophan, 0-5 ml. enzyme, to which, in 
the case of the reaction tubes, 1 ml. cytochrome c 
solution (10 pg.) was added. 

As will be seen from Table 9, cytochrome ¢ 
markedly stimulated indole production. 
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Table 9. Effect of cytochrome c on indole 
production by tryptophanase 
(Tubes incubated at 37° with 2-5 ml. phosphate buffer 
(pH 7-4), 2 mg. L-tryptophan and 0-5 ml. cell-free enzyme; 
10 yg. cytochrome c added in reaction tubes.) 
Indole produced (yg.) 


ae oe 
Cytochrome c 


72-9 
129-9 


Time (min.) Control 


10 62-0 
20 91-5 


Absence of catalase and hydrogen peroxide. The 
cell-free enzyme was devoid of catalase activity as 
shown by hydrogen peroxide and permanganate 
titration, and no trace of hydrogen peroxide could 
be detected when tryptophanase was incubated 
with tryptophan. 

Effect of ATP. ATP is without effect on indole 
production by the cell-free enzyme. 


Manometric studies with cell-free tryptophanase 


Potassium chloride extracts of acetone-dried cell 
preparations were used for the initial manometric 
investigations. Results are recorded in Tables 10 
and 11, where the effects of sodium hydroxide and 


Table 10. Gas evolution by cell-free tryptophanase 
on L-tryptophan substrate 
(Control vessels: 4 ml. phosphate buffer (pH 7-0) +1 ml. 
enzyme. Reaction vessels: as above + 250 yg. L-tryptophan. 
NaOH in centre wells for CO, absorption. Gas evolution 
calculated on oxygen constant of the apparatus.) 


Gas evolution (l.) 
ceacennianeenil Nitin 





= 
Time 250 pg. L-tryptophan 
pata nniiaininiattn mnt 
(a)* 
14-4 
21-6 
27-5 


(b)* 
16-0 
17-4 
24-8 


(min.) Control 
5 5-9 
15 7-4 
45 5-9 
70 4:5 30-3 36-4 
90 4:5 25-9 42-3 
* Duplicate experiments run simultaneously. 


Table 11. Gas evolution by cell-free tryptophanase 
on L-tryptophan substrate ; comparison of effect of 
NaOH and HCl in centre wells 
(Control vessels: 4 ml. phosphate buffer (pH 7-0) +1 ml. 

- enzyme. Reaction vessels: as above + 250 yg. L-tryptophan.) 
Gas evolution (l.) 
A 





Control 
Time “ A 
(min.) HCl 

10 rv 
20 
40 
50 
65 
80 
100 


250 yg. L-tryptophan 
A... 





ay 
NaOH 
17-2 
17-2 
24-1 


re 
HCl 

1-46 

4:38 
14-6 
19-0 


ay 
NaOH 
10-4 
10-4 
17-8 
17-8 
17-8 29-2 
19-3 40-9 
19-3 57-0 
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Table 12. Manometric study of tryptophanase preparation from growth supernatants ; 
NaOH and HCl in centre wells 


(Control vessels: 3 ml. phosphate buffer (pH 7-0) +2 ml. enzyme. Reaction vessels: as above +250 yg. L-tryptophan. 
Oxygen uptake is an arbitary rate obtained from the fall in gas evolution (preceding column).) 


Gas evolution (yl.) 


Control 

SS eee 
NaOH 

5 19-3 

14-9 

13-4 

17-8 

22-3 

25-6 

23-8 

70 23-8 

90 23-8 


Time (min.) 


250 pg. L-tryptophan 


NaOH Oxygen uptake 
41-6 — 
35-8 9-8 
36-0 11-1 
28-7 14-0 
20-5 18-5 
48-2 16-4 18-5 
49-6 12-4 24-3 
54-0 8-1 28-6 
61-4 - 2-0 39-7 


HCl 
33-6 
38-0 
40-9 
42-4 
45-3 


Final manometer reading at 6 hr. gave oxygen consumption of 71-5 pl. (theoretical 68-5 pl. for complete oxidation of 


250 pg. L-tryptophan to indole, CO,, NH; and H,0). 


hydrochloric acid in the centre wells are compared, 
indicating the evolution of a basic gas by the enzyme 
control. Table 12 records results obtained with a 
cell-free enzyme prepared from supernatants of 
Esch. coli cultures after 22 hr. growth on tryptic 
digest casein agar. The supernatant was treated 
with half-saturated ammonium sulphate at pH 4:8, 
the precipitate suspended in water and sulphate 
ions removed by the addition of barium chloride. 
This preparation produced 15 yg. indole/2 ml. 
enzyme in 30 min. 

Manometrie work on partially purified enzyme 
preparations, and also with certain cell-free extracts, 
led to the discovery that indole can be produced 
without oxygen utilization, a finding which has also 
been noted by Wood e¢ al. (1947). There was no 
gas evolution either with such preparations. Where 
indole production was obtained without oxygen 
uptake the contents of the manometer cups were 
concentrated and used for paper chromatography. 
Alanine was not detected in these experiments (see 
Dawes, Dawson & Happold, 1947d). Wood e¢ al. 
(1947) have shown that tryptophanase, purified 
according to their scheme, contains no alanine or 
serine deaminase. With our further purified enzyme 
preparations, which required no oxygen for indole 
production, alanine likewise was not deaminated. 


The products of tryptophanase action on 
tryptophan 


Previously we believed that the initial product of 
the fission of the tryptophan molecule was alanine 
(Dawes e¢ al. 1947d), which was then oxidized, 
through pyruvic acid, to carbon dioxide, ammonia 
and water. Wood e¢ al. (1947), however, reported 
that the products of the reaction were one mole each 
of indole, pyruvic acid and ammonia and that the 


enzyme effecting this would not deaminate alanine. 
In the light of this work we have examined the 
products obtained by the action of our enzyme 
preparations for pyruvate and ammonia (Table 13). 


Table 13. Products of tryptophanase reaction on 
tryptophan 


(Tubes contained (a) 1-3 ml. phosphate buffer (pH 7-6), 
0-2 ml. (2 mg.) L-tryptophan and 0-5 ml. enzyme; (0) 1-5 ml. 
phosphate buffer (pH 7-6) and 0-5 ml. enzyme. After 10 min. 
incubation at 37°, 3 ml. 10 % (w/v) trichloroacetic acid were 
pipetted into each tube and the protein precipitate filtered 
off. Total contents of tubes (5 ml.) used for indole deter- 
minations; 3 ml. samples of control and reaction liquids 
used for pyruvate determinations and 1 ml. samples for 
ammonia determinations, the control liquid (enzyme only) 
being used as blank for the Conway (1933) procedure.) 


Time 
of 
deter- 
mina- 
tion 
(min.) yg. 
5 275 
15 49-5 


Pyruvate Indole Ammonia 
ae SN (ae 
pmol. pg. pmol. pg. pmol. 

0-31 37-5 0-32 125-0 7-35 

0-56 30-8 0-26 25-0 1-47 
10 62-9 0-72 78-5 0-67 21-25 1-25 
60 88-0 1-0 22-9 0-20 36-7 2-16 


Further experiments in which indole and ammonia 
determinations only were carried out: 
10 93-3 0-79 
10 63-0 0-54 
10 81-0 0-69 
10 95-0 0-81 
15 33-8 0-29 


122-1 

56-1 

53-6 

64-6 

It will be noticed that while there was reasonable 
agreement between the pyruvate and indole figures 
the ammonia was always found in excess. To obtain 
more figures on this, further experiments were con- 
ducted in which indole and ammonia only were 
23-2 
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determined, and, as Table 13 shows, ammonia was 
invariably found in great excess indicating that 
deamination is preceding fission into indole and 
pyruvate. Since indolylpyruvic acid does not give 
rise to indole this would mean that a theoretical 
yield of indole could not be obtained, an experi- 
mentally verified fact. It should be noted, however, 
that Wood eé al. (1947) report the production of 
ammonia in step with indole and pyruvate forma- 
tion. 


Purification of tryptophanase 


The following method of purification has been 
carried out on cell-free extracts obtained from 
acetone-dried cells. The solutions were maintained 
at pH 7 throughout and stored at 0°. The activity 
at each stage of the purification was related to the 
nitrogen content, our arbitrary unit of activity 
being the amount of indole (yg.) produced/mg. 
N/30 min. (see Table 14). 


The extract obtained from 5 g. acetone-dried cells (250 ml.) 
was brought to 50% saturation with (NH,),SO, in the ice 
chest, the precipitate centrifuged down, taken up in 40 ml. 
phosphate buffer and further fractionated by half and full 
saturation with (NH,),SO,. The latter deposit, taken up in 
20 ml. distilled water, was the most active sample of enzyme 
obtained, but its activity was rapidly lost on storage. The 
supernatant from the initial 50% saturation was then fully 
saturated and the deposit taken up in 150 ml. distilled 
water. This active deposit was now further fractionated by 
50 and 70% saturation, leaving the supernatant inactive. 
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The precipitate from 70% saturation, taken up in 50 ml. 
phosphate buffer, was purified 12-fold and remained active 
on storage in the ice chest. It was found that the enzyme 
was completely resolved in samples 2a and 6 et seq. and that 
at this, and subsequent stages, only pyridoxal phosphate 
was capable of activating the protein moiety. Riboflavin 
was found to have no activation effect, and, to ascertain 
whether the protein still contained a riboflavin prosthetic 
group, sample 8 was examined in ultraviolet light both 
intact and after hydrolysis; by microbiological assay ribo- 
flavin was absent. Diphosphopyridine nucleotide (DPN) 
alone did not reactivate the resolved enzyme, nor did it 
stimulate indole production in the presence of pyridoxal 
phosphate or pyridoxal phosphate plus riboflavin. Since 
this might be due to some DPN being bound to the enzyme 
protein, the possibility was investigated by an assay for 
DPN using Haemophilus parainfluenzae as the test organism 
by the method described by Lwoff & Lwoff (19374). 
A sample of the resolved, partially purified, enzyme was 
Seitz filtered and 0-5 ml. added to the tubes; 2 ml. of the 
same solution were autoclaved with 2 ml. 2n-H,SO, for 
20 min. at 15 lb./sq.in., the pH adjusted to 7-6 and 0-5 ml. 
added to other tubes. These were assayed together with 
controls and tubes containing DPN. Growth occurred only 
in the tube containing added DPN, and therefore no DPN 
was present in the enzyme protein. The DPN used in this 
work was prepared from baker’s yeast by the method of 
Sumner, Krishman & Sisler (1947). 

Sample 2c very rapidly lost its activity on storage, but 
sample 8 remained active. 


From these results, therefore, it would appear 


that pyridoxal phosphate is the coenzyme which 
effects fission of the tryptophan molecule. 


Table 14. Scheme used for the purification of tryptophanase 


(Unit of activity =yg. indole/mg. nitrogen/30 min. with 0-5 ml. enzyme in presence of 30 yg. pyridoxal phosphate. 
Activities are given in brackets beneath the appropriate fraction.) 


(1) Original extract 
(9-1) 


50% _ saturation 
(NH,).SO, 
a 


} 
(2) Precipitate 
(112-1) 


Taken ba in 40 ml. 
buffer and brought to 
50% saturation with 
(NH,).SO, 

ee ee 
(2a) Precipitate (2b) Supernatant 
(64-5) 
Full saturation with 
(NH,)SO, 
y 
(2d) Supernatant 


Y 
(2c) Precipitate 
(nil) 


(597-5) 
Taken up in 20 ml. dis- 
tilled water 


full saturation 


Y 
(3) Supernatan 
(35-7) with (NH,),SO, | 


\ 
(5) Supernatant 


y 
(4) Precipitate 
(nil) 


(69-1) 


Taken up in 150 ml. dis- 
tilled water and brought 
to 50 % saturation with 
(NH,).SO, 
+ 


¥ 
(7) Supernatant 


‘ 
(6) Precipitate 
(48-2) 
Taken up in 30 ml. 
buffer 


Brought to 70% satura- 
tion with (NH,),SO, 


I 


| 
y 
(9) Supernatant 


¥ 
(8) Precipitate 
(nil) 


(113-1) 
Taken up in 50 ml. 
buffer 
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Properties of tryptophanase 


Effect of pH. Fig. 1 shows the variation of 
activity with the reaction pH. The optimum occurs 


XN w 
8 S$ 3 


Indole production (ug.) at 60 min. 


= 
oO 


10 


— 
a 8 


= 
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Indole production (yg.) at 15 min. 


uw 


0-5 1-0 1-5 2-0 


Enzyme present (ml.) 
Fig. 2. Effect of enzyme concentration on reaction velocity. 
at pH 7-5. In the original work of Happold & Hoyle 


(1935), using chloroform-killed Esch. coli, the 
optimum was claimed to be pH 8-5, but this was 
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later acknowledged to be too high, and Gale & Epps 
(1942) found the optimum pH to be 7-5 with cells 
grown at pH 7-0. Thus the optimum pH of the cell- 
free enzyme is identical with that of the intact 
organism. 

Effect of enzyme concentration. A linear relation- 
ship exists between the enzyme concentration and 
the velocity of the reaction as shown in Fig. 2. 


50 


8 3 3 


= 
Oo 


Indole production (uug.) at 15 min. 


10 2-0 3-0 40 50 
L-tryptophan concentration (mg./10 ml.) 


Fig. 3. Effect of substrate concentration on 
reaction velocity. 


Effect of substrate concentration. Fig. 3 shows the 
variation of reaction velocity with substrate con- 
centration. The Michaelis constant of the enzyme 
was evaluated by the graphical method of Line- | 
weaver & Burk (1934) and the average value 
obtained was 4-1 x 10-4 moles/l. Wood et al. (1947) 
give the value of 2-5 x 10-5. 


DISCUSSION 


The tryptophanase complex of Esch. coli may be 
obtained as an active cell-free preparation by 
acetone-drying thick cell suspensions, and extrac- 
tion of the cell powder with half-saturated potas- 
sium chloride solution. Extracts obtained in this 
way showed good activity, and could be kept in the 
ice chest for some time without deterioration. The 
superiority of potassium chloride as extracting 
agent over other salts tried is presumably due to 
increased solubility of the enzyme protein in this 
solution. 

Enzyme extracts have been inactivated by dia- 
lysis against distilled water, and the activity 
regained by the addition of a concentrated dialysate 
to the inactive protein moiety, although the 
activity displayed by such reactivated systems 
is greatly reduced in comparison with the original 
enzyme, probably by denaturation of the enzyme 
protein. It has been shown that the dialysate 
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obtained from glucose-grown cells (which are devoid 
of tryptophanase activity) is also capable of acti- 
vating the apoenzyme. The protein moiety of 
glucose-grown cells, however, cannot be activated. 
This indicates that the essential difference between 
cells active for tryptophanase and those grown on 
glucose-agar lies in the protein moiety and that 
glucose-grown cells possess a full coenzyme for the 
apoenzyme. 

A study of the effect of various inhibitors on 
tryptophanase activity provided strong presump- 
tive evidence on the nature of components present 
in the enzyme complex. It was early recognized 
that cyanide is a powerful inhibitor of tryptophanase 
and this indicated one or both of the following 
possibilities: an iron-containing system such as 
cytochrome, or a carbonyl-containing component 
such as pyridoxal phosphate with which cyano- 
hydrin formation can occur. 

Interference with a component containing the 
carbonyl group appeared more probable following 
study of the action of other characteristic carbonyl 
reagents (semicarbazide, hydrazine and hydroxy]l- 
amine). With washed cell suspensions the latter two 
produced complete inhibition down to 0-001™ con- 
centration, semicarbazide not being quite so 
effective. With the cell-free enzyme essentially 
similar results were obtained. In this respect the 
action of dimedone is of considerable interest. Baker 
et al. (1946) showed that it had no effect on indole 
production by washed-cell suspensions, but, using 
the cell-free enzyme, inhibition was manifest thus 
bringing dimedone into line with the other carbonyl] 
reagents. This is rather difficult to explain, for it 
cannot be postulated that the permeability of the 
bacterial cell to dimedone is the deciding factor. 
Dimedone, however, is sparingly soluble compared 
with the other carbonyl reagents employed, and it 
may be that with the bacterial cells other aldehyde 
products of bacterial metabolism, such as phospho- 
glyceraldehyde, acetaldehyde, etc. from carbo- 
hydrate breakdown, react preferentially to the 
exclusion of the coenzyme factor. 

The presence of an iron-containing system 
received support from the action of sodium azide, 
hydrogen sulphide and carbon monoxide. Keilin & 
Harpley (1941) showed that Esch. coli does not 
contain a normal cytochrome system. Cytochrome ¢ 
and cytochrome oxidase are absent from the 
organism and bands 6 and ¢c of normal cytochrome 
are replaced by one band which lies at 560 mp. and 
which represents an «-band of non-autoxidizable 
haemochromogen component 6,. In this respect the 
action of verdoperoxidase, which was found to 
stimulate indole production with both viable cells 
and the cell-free enzyme, warrants attention. It has 
been suggested by Keilin (1933) and Kuhn (1934) 
that verdoperoxidase might be considered as a more 
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or less modified cytochrome a derivative and hence 
the stimulation of indole production by this pre- 
paration is of significance. 

BAL (2:3-dimercaptopropanol) is an inhibitor of 
metal-containing enzymes, as shown by Webb & 
van Heyningen (1947), and since this reagent 
inhibits tryptophanase it is compatible with the _ 
presence of an iron-containing system in the com- 
plex. The fact that added cytochrome c stimulated 
indole production with the cell-free enzyme would 
appear to be explicable in terms of removal of an 
overall ‘bottleneck’ in the carrier system of the 
enzyme. The presence of iron in the apoenzyme was 
proved by spectrochemical analysis. 

The mepacrine inhibition of tryptophanase 
activity, manifest only with the intact cell and 
reversed by riboflavin (Dawson, 1946), may be 
taken as some indication of the functioning of 
flavoprotein (Haas, 1944; Hellerman, Lindsay & 
Bovarnick, 1946). 

Sulphanilamide inhibits the growth and respi- 
ration of Esch. coli, but not in the presence of 
methylene blue, as was.shown by Clifton & Loe- 
winger (1942). The bacteriostasis observed in our 
experiments was in accordance with previous 
findings, and, in the absence of growth, the non- 
production of indole from tryptophan is a natural 
consequence of the lack of metabolic processes. 
Where the bacteriostasis was overcome, and growth 
eventually occurred, indole production was found 
to be normal. It thus appeared that sulphanil- 
amide exerted no damaging effect on the trypto- 
phanase system of the organism, and this was borne 
out by experiments which demonstrated that 
sulphanilamide was without effect on the pre- 
formed enzyme. 

Sodium malonate was reported by Cedrangolo & 
Filomeni (1943) to inhibit the deamination of 
natural amino-acids by rat-liver homogenate, but 
it was without effect on indole production by 
tryptophanase and also without effect on ophio- 
L-amino-acid oxidase when tested manometrically 
by the Warburg technique. 

Happold & Waters (1944) found that clavatin 
was a powerful inhibitor of tryptophanase, but 
from a wide survey of its action on respiratory 
enzymes in general, no concrete conclusion as to 
its mode of action could be reached and, therefore, 
its action provided no insight into the nature of the 
enzyme complex. 

The cell-free enzyme was shown to be devoid of 
catalase activity, and to contain no ascorbic acid 
oxidase or polyphenol oxidase, while Happold 
(1930) demonstrated that Esch. coli contains no 
catecholase and is incapable of oxidizing dimethy]l- 
p-phenylenediamine. 

The dialysate obtdined from a tryptophanase 
extract was examined spectrophotometrically and 
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the absorption curve obtained corresponded most 
closely to that of nicotinic acid. This was evidence 
for the presence of a nicotinic acid adenine nucleo- 
tide. Spectrochemical analysis of a sample of 
apoenzyme revealed that iron was present, but no 
other metal was detected. 

Reactivation of the apoenzyme obtained by 
dialysis was achieved with pyridoxal phosphate, 
riboflavin and diphosphopyridine nucleotide. The 
presence of riboflavin had been suspected in the 
earliest work with mepacrine and washed-cell 
suspensions. It was confirmed by microbiological 
assay using Db. casei E and shown to reside in both 
dialysate and apoenzyme. It is, apparently, present 
as prosthetic group, and there is some loss on 
dialysis. 

When the further purification of the enzyme was 
studied the apoenzyme was apparently free from a 
flavin prosthetic group as evidenced by ultraviolet 
fluorimetry and microbiological assay. The flavo- 
protein present in the cruder preparations is pre- 
sumably only concerned with the further oxidation 
of the fission product; but as such it obviously can 
affect the overall reaction rate in the cell by mass 
action effect. 

Manometric investigation of the cell-free enzyme 
showed that crude extracts were capable of oxidizing 
one mole of tryptophan to indole, carbon dioxide, 
ammonia and water with the consumption of five 
atoms of oxygen, but on further purification the 
enzyme produced indole without concurrent oxygen 
utilization. In several experiments with crude 
extracts an evolution of gas was recorded with both 
reaction manometers and control vessels. This could 
be prevented in the case of controls by placing 
hydrochloric acid in the centre well instead of 
caustic soda. This, presumably, meant that a basic 
gas was being evolved; it is inconceivable that 
ammonia or one of the volatile amines could 
produce this effect on account of their great solu- 
bility. We place these findings on record, but are 
unable to offer an explanation of their significance. 

Until the work of Wood e¢ al. (1947) showed that 
the products of tryptophanase action are one mole 
each of indole, pyruvic acid and ammonia, and that 
the partially purified enzyme will not deaminate 
alanine, we had believed that alanine, which was 
produced concurrently with indole in mepacrine 
inhibited systems, was the product of the primary 
fission. Accordingly we have examined the products 
of the reaction for indole, pyruvic acid and 
ammonia, and, while demonstrating the production 
of indole and pyruvic acid in equimolar amounts, 
we have invariably found ammonia production to 
be in excess. This may have some bearing on the 
results obtained in manometric experiments, where 
evolution of a basic gas was found, and may be due 
to production of volatile amines from the enzyme 
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protein, these remaining in solution while the 
protein is removed by trichloroacetic acid prior to 
the ammonia determination, and then being liber- 
ated by the alkali treatment of the Conway (1933) 


procedure. It should be borne in mind, however,’ 


that the manometric experiments were done with 
crude enzyme preparations while the ammonia 
determinations were on partially purified prepara- 
tions which, when examined manometrically, 
showed no oxygen utilization or gas evolution. If 
the figures obtained represent ammonia formation, 
then we conclude that indolylpyruvic acid must be 
formed; since this compound is not degraded to 
indole by the enzyme it would be an end product. 
The theoretical yield of indole would, therefore, not 
be achieved ; this has been found experimentally. It 
should be noted that the accumulation of indole has 
also an inhibitory effect on the reaction (Fildes, 
1938). 

Extracts of tryptophanase were purified by 
fractionation with ammonium sulphate. Activity 
was found in both half and fully saturated fractions. 
Fractionation of the former yielded the most active 
(60-fold increase) and the most labile preparation. 
It lost activity completely after 3 days. Fractiona- 
tion of the deposit from full saturation yielded a 
reasonably stable preparation with a 12-fold increase 
in activity. From this it seems that the enzyme is 
readily denatured. This appears to account for the 
comparatively small degree of purification achieved 
in the fractionation procedure. 

The enzyme was completely resolved by the 
ammonium sulphate fractionation, and could only 
be reactivated by the addition of pyridoxal phos- 
phate. At this stage, as noted by Wood e¢ al. (1947), 
the enzyme would not deaminate alanine, and pro- 
duced indole from tryptophan without oxygen 
utilization, pyruvic acid being one of the end 
products of the reaction. This treatment, therefore, 
removes the portion of the tryptophanase com- 
plex which effects the oxidation of pyruvic acid. 
The failure of riboflavin to activate the apoenzyme 
led us to examine the apoenzyme for the presence 
of a riboflavin prosthetic group. This was not 
found by ultraviolet examination or by micro- 
biological assay. Diphosphopyridine nucleotide 
(DPN) also failed to reactivate the resolved enzyme, 
neither did it stimulate indole production in the 
presence of pyridoxal phosphate alone, or together 
with riboflavin. Although DPN is usually considered 
as readily dialyzable from the apoenzyme, a sample 
of the resolved enzyme was assayed for DPN intact 
and hydrolyzed. None was found. Lwoff & Lwoff 
(1937 6) made the suggestion that triphosphopyridine 
nucleotide could be present in Haemophilus para- 
influenzae in combined or free form. 

From these findings we conclude that pyridoxal 
phosphate is the sole coenzyme to participate in 
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fission of the tryptophan molecule, and to do this it 
presumably acts as a hydrogen acceptor by rever- 
sible aldehyde-alcohol interconversion. 

The enzyme effecting fission has optimal activity 
at pH 7-5, and a linear relationship exists between 
the reaction velocity and the enzyme concentration. 
The Michaelis constant is 4-1 x 10-4m. Wood e¢ al. 
(1947) give a value of 2-5 x 10-5 for this constant, but 
state that half maximum rate of reaction is obtained 
with 35 ug. tryptophan/ml. This, when calculated, 
gives a value of K,=1-71 x 10-4 and is more in 
accord with our own figure. 

In conclusion, attention is drawn to the difference 
between the crude cell-free tryptophanase complex 
and the purified component which effects fission into 
indole, pyruvic acid and ammonia. The former 
carries through also the oxidation of pyruvic acid to 
carbon dioxide and water. The fact that the activity 
of preparations, which contain the pyruvic oxidase, 
is enhanced by riboflavin and DPN suggests that 
the production of indole is affected by mass action 
considerations. 

Wood et al. (1947), who reported the function of 
pyridoxal phosphate as coenzyme factor, used the 
term ‘tryptophanase’ for the enzyme effecting the 
production of indole, pyruvic acid and ammonia 
without oxygen uptake, in contradistinction to the 
original use by Happold & Hoyle (1935) to connote 
the complex which performs the complete oxidation 
to indole, carbon dioxide, ammonia and water with 
the consumption of five atoms of oxygen. The fact 
that the partially purified enzyme, which produces 
indole, will not deaminate alanine invalidates our 
earlier conclusion (Dawes et al. 1947d) that alanine 
is anormal fission product of tryptophan, and means 
that in the presence of mepacrine a modification of 
the reaction occurs. Since experiments were per- 
formed with washed-cell suspensions it is possible 
that alanine was produced from the pyruvic acid 
by transamination. 
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SUMMARY 


1. The tryptophanase complex of Escherichia 
coli may be obtained in the cell-free condition by 
extraction of acetone-dried cells with half-saturated 
potassium chloride solutions. 

2. Tryptophanase is inhibited by iron inhibitors, 
carbonyl inhibitors and BAL. Mepacrine and benz- 
amide, which have inhibitory actions on the trypto- 
phanase activity of viable cells, have little effect on 
the cell-free enzyme. 

3. Tryptophanase activity is stimulated by 
verdoperoxidase and cytochrome c. 

4. The enzyme complex has been resolved and 
shown to require pyridoxal phosphate, riboflavin 
and diphosphopyridine nucleotide as coenzyme 
factors. 

5. A partial purification of the tryptophanase 
complex has been achieved by ammonium sulphate 
fractionation. 

6. The purified fraction effects the fission to 
indole, pyruvic acid and ammonia with pyridoxal 
phosphate as sole coenzyme under anaerobic 
conditions. 

7. The resolved enzyme does not contain a 
riboflavin prosthetic group or diphosphopyridine 
nucleotide and these coenzymes, therefore, appear 
to be concerned with the further oxidation of 
pyruvic acid. 

8. The fractionation removes the enzyme or 
enzymes effecting oxidation of pyruvic acid. 
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Gunsalus for gifts of pyridoxal phosphate and Dr E. A. 
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we wish to thank Dr F. Bergel and Mr J. Ewles for spectro- 
photometric and spectrochemical analyses respectively, 
Dr J. Ellison for the riboflavin assay, Mr L. Davis for micro- 
Kjeldahl determinations and Miss M. Horrabin for assistance 
in the preparation of DPN. 
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Metabolism of Polycyclic Compounds 
5. FORMATION OF 1:2-DIHYDROXY-1:2-DIHYDRONAPHTHALENES 


By JOAN BOOTH anp E. BOYLAND 
The Chester Beatty Research Institute, Royal Cancer Hospital, London, S.W. 3 


(Received 16 June 1948) 


Early work on the metabolism of aromatic hydro- 
carbons indicated that they were converted into 
phenols (e.g. Schultzen & Naunyn, 1867). Later 
investigations on the fate of anthracene in the body 
(Boyland & Levi, 1935) showed that such hydro- 
carbons may be first converted to diols or dihydroxy- 
dihydro derivatives, which may decompose to give 
phenols. Analogous diols have been isolated and 
characterized from the urine of animals dosed 
with naphthalene. A laevorotatory form of 1:2-di- 
hydroxy-1:2-dihydronaphthalene was isolated from 
rat urine by Young (1947) and its structure eluci- 
dated. A corresponding dextrorotatory form has 
now been isolated from rabbit urine and an 
optically inactive form from the urines of both rats 
and rabbits. The possible relationship of meta- 
bolism of hydrocarbons to carcinogenesis has been 
discussed elsewhere (Boyland, 1948). 


EXPERIMENTAL 


Animals were given intraperitoneal injections of a 20% 
(w/v) solution of naphthalene in arachis oil (2-5 ml./kg. 
body wt.) twice weekly and kept in metabolism cages of the 
Paine type. Urine was collected daily and a small amount 
of urease added to decompose urea. The pooled urine of each 
species was continuously extracted with ether for 2-3 days. 

Rabbit. Isolation of optically inactive and dextrorotatory 
forms of 1:2-dihydroxy-1:2-dihydronaphthalene. On evapora- 
tion of the ether a small amount of dark-brown solid material 
was obtained which after several recrystallizations from 
benzene yielded silky, white needles, m.p. 101°, [a] 0° 
(c, 1% in ethanol). (Found: C, 73-8; H, 6-2. Cale. for 
C,oH,,02: C, 74:1; H, 6-2%.) (Cf. Booth & Boyland, 1947.) 
This compound was very soluble in cold ethanol, acetone 
and ether, and soluble in water to the extent of about 
2 g./l. It was only slightly soluble in cold benzene, but 
readily dissolved on warming and was sparingly soluble in 
boiling light petroleum. 


When the crude, dark-brown material obtained by the 
evaporation of the ether extracts was dissolved in 95% 
ethanol and continuously extracted with light petroleum 
(b.p. 40-60°) the first crystals to appear in the light petro- 
leum were rectangular plates. The extraction was inter- 
rupted and this material isolated. On continuing the 
extraction a mixture of this material (which was dextro- 
rotatory) and the optically inactive form was obtained and 
finally a fraction with no optical activity. The first light 
petroleum fraction was evaporated and the residual solid 
recrystallized from benzene giving colourless plates, 
m.p. 125°, [a] >” + 159° (c, 1% in ethanol). (Found: C, 
74-0; H, 6-4. C,,H,,O, requires C, 74-1; H, 6-2%.) The 
optical activity remained unchanged on recrystallization. 
This compound was less soluble in benzene and light 
petroleum than the optically inactive form, and was 
identical in all physical properties except optical rotation 
with the compound isolated by Young (1947) from rat 
urine. 

Rat. Isolation of optically inactive and laevorotatory forms 
of 1:2-dihydroxy-1:2-dihydronaphthalene. The rat urine was 
treated in the same way as the rabbit urine and again two 
compounds were isolated. The optically inactive product 
was identical in physical properties with the corresponding 
rabbit metabolite, but in this case the optically active form 
was laevorotatory and appeared to be identical with the 
compound isolated by Young (1947). It was recrystallized 
from benzene giving colourless plates, m.p. 126°, [«]?* 
— 158° (c, 0-5% in ethanol). (Found: C, 74-2; H, 6-3. 
Cale. for CygH,,0.: C, 74:1; H, 6-2%.) 

Acetylation. The optically inactive diol from rabbit urine 
(50 mg.) was acetylated in 0-25 ml. acetic anhydride and 
0-25. ml. pyridine at room temperature and the diacetate 
obtained was crystallized from light petroleum. (Found: 
C, 68-8; H, 5-8. C,,H,,0O, requires C, 68-3; H, 5-7%.) The 
other three samples of diol were treated in the same way and 
acetates with the properties shown in Table 1 were obtained. 
Each acetate was hydrolyzed, as shown in Table 1. 

The diacetate (20 mg.) was heated in a boiling water bath 
for 15 min. in 1 ml. 0-7N-ethanolic KOH, cooled and a large 
volume of water added. The precipitate was extracted by 
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shaking with ether, and the solid obtained on evaporation 
recrystallized from benzene yielding the parent diol in each 
case; the melting points are given in Table 1. 


Table 1. Properties of acetates of diols from fractions 
of rabbit and rat urine 


[a]>° of Mp. of diol 
acetate obtained on 
M.p.of inethanol hydrolysis 
acetate (c,0-5-1:0%) of acetate 
Diol (°) *) (°) 
Rabbit, racemate 73 0 100 
Rabbit, optically 77 437 126 
active form 
Rat, racemate 73 0 101 
Rat, optically 77 — 436 126 
active form 
Rat, optically 78-79 — 423 os 


active form 
(Young, 1947) 


Dehydration with acid to 1-naphthol. All four diols 
behave in a similar manner on treatment with acid, giving 
theoretical yields of 1-naphthol, identified by mixed melting 
point, by the colour of the dye formed with diazotized 
p-nitraniline and by mixed melting point of the acetate. 

Rate of dehydration. The colour produced by coupling a 
phenol with a diazotized amine was also utilized to study 
the rate of dehydration by acid at 100°. Samples, each of 


Dehydration (%) 





Time (min.) 


Fig. 1. Dehydration of racemic 1:2-dihydroxy-1:2- 
dihydronaphthalene in n-HCl at 100°. 


1 ml., of a solution containing a known amount of optically 
inactive diol from rabbit urine dissolved in 5% aqueous 
ethanol and 1 ml. n-HCl were kept in sealed tubes at 100° 
for various periods of time. The solutions were then cooled 
and made alkaline by the addition of 5 ml. n-NaOH; 2 ml. 
0-01m_ p-nitrobenzenediazonium chloride solution were 
added, and the purple colour produced measured on a 
photoelectric colorimeter, a standard solution of 1-naphthol 
being used for comparison. The reaction proceeded as 
shown in Fig. 1, giving an almost theoretical yield of 
l-naphthol. The reaction was half complete in 1-6 min.; 
whence kyo =0-43. 
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Oxidation. (1) With potassium permanganate. The 
optically inactive diol from rabbit urine (50 mg.) and the 
dextrorotatory form from rabbit urine gave o-phthalic acid 
as described by Young (1947). 

Oxidation. (2) With lead tetraacetate. A solution of 
29-4 mg. diol in 10 ml. glacial acetic acid was added in 1 ml. 
portions to tubes each containing 1 ml. of approx. 0-1 N-lead 
tetraacetate solution in glacial acetic acid, all solutions being 
kept in a water bath at 20°. The oxidation was stopped at 
intervals by the addition of 2 ml. of iodide solution (2% 
(w/v) KI; 25% (w/v) Na acetate) and the I, liberated 
titrated against standard 0-01 N-Na,S,0,, so that the rate 
of oxidation could be followed. Glycols with adjacent 
hydroxyl groups in the cis position are usually oxidized 
more rapidly than the trans isomers by lead tetraacetate, 
1 mol. of diol requiring 1 mol. of lead tetraacetate (Criegee, 
Kraft & Rank, 1933). The reaction proceeded rapidly, but 
no authentic cis or trans derivative was available for direct 
comparison. The oxidized solutions gave a positive test for 
an aldehyde with Schiff’s reagent, but the aldehyde was not 
isolated. All four preparations of the diol reacted at about 
the same rate with lead tetraacetate. Naphthalene did not 
react under the same conditions. The time taken for 50% 
oxidation was 0-8 min.; ky92=127. This would indicate that 
the compounds are either all cis or all trans. 

Hydrogenation to a dihydroxytetrahydronaphthalene. The 
compounds were hydrogenated by shaking ethanolic 
solutions in an atmosphere of H, with Pd +SrCO, catalyst. 
The hydrogenation products were recrystallized from 
benzene, and shown to be 1:2-dihydroxy-1:2:3:4-tetra- 
hydronaphthalene (IV). Analysis of product from the 
inactive diol isolated from rabbit urine: found: C, 73-2; 
H, 7-1. C,9H,,0, requires C, 73-2; H, 7-°3%. 

This hydrogenation was carried out for all the specimens 
of diol and compounds and the properties shown in Table 2 
were obtained. 


Table 2. Properties of 1:2-dihydroxy- 
1:2:3:4-tetrahydronaphthalenes 


ben 5 M.p. of 
[«]$° in KMn0, 
ethanol oxidation 
M.p. (c, 0-5-1:0%) product 
(°) (°) (*) 
Rabbit, hydrogenated 111 0 160 
inactive diol 
Rabbit, hydrogenated 113 - 62 161 
optically active diol 
Rat, hydrogenated lll 0 161 
inactive diol 
Rat, hydrogenated 114 +64 163 


optically active diol 


The laevorotatory form gave a hydrogenation product 
identical with that described by Young (1947). 

Dehydration of hydrogenated derivative to B-tetralone. All 
the four compounds gave a positive test for 2-keto-1:2:3:4- 
tetrahydronaphthalene (Straus & Rohrbacher, 1921), after 
boiling with HCl. A few mg. of the compound were heated 
with 1 ml. n-HCl in a boiling water bath for 15 min. and 
then cooled. On addition of a few drops of ethanol and 2 ml. 
of ether and shaking with excess 10 N-NaOH a dark-blue 
colour developed in the ether layer. 
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Oxidation of hydrogenated derivative. All the forms of the 
hydrogenation product gave B-2-carboxyphenyl-propionic 
acid on oxidation with KMnO,, as found by Young (1947) 
with the laevorotatory product from rat urine. 

Spatial configuration. The cis and trans forms of 
1:2-dihydroxy-1:2:3:4-tetrahydronaphthalenes were synthe- 
sized for comparison with the hydrogenated metabolite. 

Naphthalene (I) was reduced with Na to give 1:2- 
dihydronaphthalene (II) (Straus & Lemmel, 1921), and 
this was oxidized to cis-1:2-dihydroxy-1:2:3:4-tetrahydro- 


We 


H 


IIT 





Na 
Pb (O.CO.CH;), 
Alkaline 
KMnO, 
II Vv 


naphthalene (V) by KMnO, (Straus & Rohrbacher, 1921) 
and to the acetate of the trans isomer (III) with lead tetra- 
acetate (Criegee, 1930). The acetate was hydrolyzed to 
give inactive trans-1:2-dihydroxy-1:2:3:4-tetrahydronaph- 
thalene (IV). 


Evidence in favour of the hydrogenated metabolite 
being the trans isomers. (1) The diacetates of the 
above isomers and of the hydrogenated optically 


Table 3. Melting points of 1:2-dihydroxy- 
1:2:3:4-tetrahydronaphthalenes 


o Hydro- 
genated 
metabolite 
Synthetic (°) (optically 
aos eS inactive) 
cis trans (°) 
Melting point 100 111 111 
(100-101)* = (111-5)f 
Melting point when 80-95 111 — 
mixed with hydro- 
genated metabolite 
Melting point of 78 83 83 
diacetate (78-79)* (84)* 


* Straus and Rohrbacher (1921). + Criegee (1930). 


inactive rabbit diol were also prepared for com- 
parison, and the hydrogenated metabolite appears to 
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correspond to the trans isomer in physical properties 
(see Table 3). The melting point of the mixture of 
the trans isomer and the hydrogenated metabolite 
was not depressed. 

(2) Colour reaction with potassium triacetyl 
osmate (Criegee, Marchand & Wannowius, 1942). 
When a few drops of a solution of this reagent in 
acetic acid are added to a substance with the trans 
configuration there is no change from the blue 


0.CO.CH, H. OH 
.0.CO.CH, 7 

~ KOH 

I anaes 






Acetic 





anhydride 





Metabolite 
VI 


colour of the solution, but when added to a cis 
isomer a colour change takes place in a few minutes. 

When the reagent was added to the synthetic 
cisdihydroxytetrahydronaphthalene the colour 
changed from blue to purple and then to grey, but 
when added to the synthetic trans isomer or the 
hydrogenated metabolite there was no change in 
colour. All preparations of the excreted diols 
themselves gave no colour change, indicating that 
they had the trans configuration. 

(3) Rate of oxidation by lead tetraacetate. These 
measurements, carried out as described above for 
the diols, but using specimens of dihydroxytetra- 
hydronaphthalene, are illustrated in Fig. 2. The 
velocity constants, kg., were calculated for the 
reaction between lead tetraacetate and each of 
the 1:2-dihydroxy-1:2:3:4-tetrahydronaphthalenes, 
assuming it to be a bimolecular reaction, and are 
shown in Table 4. 

Thus the hydrogenated metabolite is identical 
with the synthetic trans-1:2-dihydroxy-1:2:3:4- 
tetrahydronaphthalene. This shows that the 
hydroxyl groups in the natural metabolite must 
have the trans configuration, and completely and 
independently proves the structure of the meta- 
bolites to be that of trans-1:2-dihydroxy-1:2-di- 
hydronaphthalene (VI). In spite of the rapidity of 





364 


reaction of the metabolites with lead tetraacetate, 
which suggests that the hydroxyl groups might have 
a cis configuration, the trans structure seems to be 
established. Unless known cis and trans derivatives 


Table 4. Values of ka for interaction of lead 
tetraacetate and 1:2-dihydroxy-1:2:3:4-tetrahydro- 
naphthalenes 


Time taken 
for 50% keooe (from 
oxidation kage Criegee et al. 
Product (min.) (Found) 1933) 
Synthetic cis com- 15 37-7 40-2 
pound 
Synthetic trans com- 30 1-89 1-86 
pound 
Hydrogenated meta- 
bolites: 
From rabbit, 31 1-80 — 
[]20° — 62° 
From rabbit, 37 1-65 — 
[a]p" 0° 


are available for comparison the rate of reaction 
with lead tetraacetate eannot be used to indicate 
the configuration of isomeric glycols of this type. 
In the case of the 9:10-dihydroxy-9:10-dihydro- 
phenanthrene (Boyland & Wolf, 1948) the evidence 
suggests that the trans derivative is oxidized more 
quickly than the cis derivative, which is contrary 
to the findings of Criegee et al. (1933), in the oxida- 
tion of a number of other glycols. 


Lead tetraacetate (mol.)/hydrogenated diol. (mol.) 





Time (hr.) 


Fig. 2. Oxidation of 1:2-dihydroxy-1:2:3:4-tetrahydro- 


naphthalenes by lead tetraacetate at 20°. 


The nature of the optically inactive preparations. 
The 1:2-dihydroxy-1:2-dihydronaphthalene ‘mole- 
cule contains two asymmetric carbon atoms, and 
four stereoisomers are therefore possible, viz. dextro- 
cis, laevo-cis, dextro-trans and laevo-trans. None 
of the products isolated gives the reaction for 
cis glycols, so that the active forms are dextro-trans 
from rabbit urine and laevo-trans from rat urine. 
Although the cis forms would have two hydroxyl 
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groups in the meso positions they would not be 
optically inactive by internal compensation as the 
molecule is not symmetrical. The two optically 
inactive preparations obtained from rat and rabbit 
urine were identical in all respects, and there was no 
depression of melting point on mixing the products 
from the two species. A product identical in physical 
properties was obtained by mixing the deztro and 
laevo forms. Thus 5 mg. laevo-diol (from rat urine) 
and 5 mg. dextro-diol (from rabbit urine) each dis- 
solved in 0-5 ml. ethanol were mixed and the solvent 
allowed to evaporate. The residue was recrystallized 
from benzene and had m.p. 100° (alone and when 
mixed with a sample of inactive diol isolated from 
rabbit urine). 

Apart from this experimental demonstration that 
the inactive forms isolated are identical with an 
artificially prepared racemate they must be so on 
theoretical grounds. They are trans forms of 1:2- 
dihydroxy-1:2-dihydronaphthalene in which the 
hydroxyl groups cannot be symmetrically disposed, 
and, as optically active forms of these are known, 
the molecule cannot be optically inactive by internal 
compensation. These inactive preparations must 
therefore be racemic forms. 

The optical activity of different preparations of 
the diol varied, and the material extracted from 
rabbit urine usually appeared to contain relatively 
more of the racemic form. As racemic compounds 
are not usually produced in biological processes, the 
racemization probably occurs after formation, 
either in the process of excretion or isolation. The 
racemic form is not likely to arise by a Walden 
inversion on hydrolysis of an ester as that should ~ 
give a cis form unless both hydroxyl groups were 
esterified. 

The racemization process was never observed 
experimentally. After keeping the laevo form dis- 
solved in rat urine, 0-2mM-Na,HPO, or n-NaOH at 
20° for 24 hr. it could be recovered by ether extrac- 
tion without change in optical activity. Attempts 
to resolve the racemate by chromatographic absorp- 
tion on a column of lactose and development with 
benzene were unsuccessful. 


The metabolic product of anthracene 


The 1:2-dihydroxy-1:2-dihydroanthracenes iso- 
lated by Boyland & Levi (1935) from the urine of 
rats and rabbits have been found to behave as 
trans glycols in the reaction with triacetyl osmic 
acid (Criegee et al. 1942). In the light of experience 
with these compounds this reaction would seem to 
be a better diagnostic test for cis and trans glycols 
than the rate of reaction with lead tetraacetate. 
The anthracene metabolites are, therefore, prob- 
ably trans-1:2-dihydroxy-1:2-dihydroanthracenes, 
in spite of the fact that they react rapidly with lead 
tetraacetate (Boyland & Shoppee, 1947). 
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Examination of the naphthalene metabolite from 
rabbit urine indicated that a mixture of a racemate 
and an optically active form occurred with con- 
siderable variation in the proportions of the two 
forms present. In view of this result and the fact 
that the rabbit metabolite, 1:2-dihydroxy-1:2-di- 
hydroanthracene, had been first described with 
[~]p+16-2° (Boyland & Levi, 1935) and later 
with [«], 0° (Boyland & Shoppee, 1947), the meta- 
bolites of anthracene were reinvestigated. 


The optically inactive material was obtained by subli- 
mation at reduced pressure and this process appears to 
yield the racemate. By crystallization or distribution 
between solvents the optically active forms can also be 
obtained. By repeated crystallization of the diacetates 
of mixed 1:2-dihydroxy-1:2-dihydroanthracenes obtained 
from rabbit urine, twice from an ether-light petroleum 
(b.p. 40-50°) mixture and then from ethanol, optically 
active material with [a] 3° +345° (c, 0°7% in dioxan) and 
m.p. 150° was obtained. This did not change in physical 
properties on recrystallization from ethanol. This acetate 
was hydrolyzed with ethanolic KOH to yield deztro-1:2- 
dihydroxy-1:2-dihydroanthracene, m.p. 162°, [a] >” + 154° 
(c, 0-5% in dioxan). From the mother liquors of the 
crystallization optically inactive 1:2-diacetoxy-1:2-dihydro- 
anthracene with m.p. 121° was obtained. This, on hydrolysis, 
gave an optically inactive 1:2-dihydroxy-1:2-dihydro- 
anthracene, m.p. 184°. In the light of these findings the 
products first described (Boyland & Levi, 1935) would 
appear to have been mixtures of racemic and optically 
active forms while the preparation investigated by Boyland 
& Shoppee (1947) was a racemate. 

The 1:2-dihydroxy-1:2-dihydroanthracene isolated from 
rat urine was subjected to the same procedure as was carried 
out with the rabbit product. The optically active 1:2-di- 
acetoxy-1:2-dihydroanthracene crystallized from aqueous 
ethanol in rectangular plates, m.p. 149°, [a] 5” - 342° (c, 
0-7% in dioxan). This was hydrolyzed with hot ethanolic 
KOH to give 1:2-dihydroxy-1:2-dihydroanthracene which 
crystallized from benzene in flat needles, m.p. 162°, 
[a] rs — 149° (c, 0-5% in dioxan). From the mother liquors 
from the crystallization of the diacetate there was obtained 
material which crystallized from aqueous ethanol in rosettes, 
m.p. 122°, [«]>" —6° (c, 0-5% in dioxan). This was hydro- 
lyzed to yield an optically inactive 1:2-dihydroxy-1:2- 
dihydroanthracene’ which crystallized from benzene in 
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irregular plates, m.p. 184°, [a] 5" 0° (c, 0-2% in dioxan). 
The laevorotatory and dextrorotatory forms of 1:2-di- 
hydroxy-1:2-dihydroanthracene obtained by crystalliza- 
tion appear to be enantiomorphic. A mixture of equal 
quantities (5 mg.) of the two pure optically active forms gave 
a solution which was optically inactive and the solution on 
evaporation yielded crystalline material, m.p. 182°, which 
appeared to be identical with the optically inactive products 
isolated by fractional crystallization of the metabolites. 


These results show that the 1:2-dihydroxy-1:2- 
dihydroanthracenes previously described were not 
optically pure, but all the unfractioned preparations 
of the diols of anthracene or naphthalene obtained 
as metabolites from rat urine have been laevorota- 
tory while those obtained from rabbit urine have 
been either dextrorotatory or optically inactive. 
The difference in metabolism may be associated 
with the fact that the injection of a carcinogenic 
hydrocarbon such as_ 1:2:5:6-dibenzanthracene 
yields tumours in rats but not in rabbits. 

The fact that trans isomers are produced in the 
biological oxidation means that the products are 
like those produced by oxidation with lead tetra- 
acetate or iodosobenzene, and not like those formed 
by oxidation with osmic acid or peracetic acid. 


SUMMARY 


1. A 1:2-dihydroxy-1:2-dihydronaphthalene (in 
dextrorotatory and inactive forms) was isolated 
from the urine of rabbits, and the same compound 
(in laevorotatory and inactive forms) from the 
urine of rats, after the animals had been dosed with 
naphthalene. The hydroxyl groups of these diols 
have been proved to have the trans configuration. 

2. The 1:2-dihydroxy-1:2-dihydroanthracenes iso- 
lated as metabolites of anthracene have been 
isolated in optically pure forms and these are also 
probably trans compounds. 
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The Excretion of Synthetic Oestrogens as Ethereal Sulphates 
and Monoglucuronides in the Rabbit and in Man 


By 8S. A. SIMPSON anp A. E. WILDER SMITH (Countess of Lisburne Memorial Fellow) 
Courtauld Institute of Biochemistry, Middlesex Hospital Medical School, London, W. 1 


(Received 23 August 1948) 


Mazur & Schorr (1942) found that when stilboestrol 
(4:4’-dihydroxy-«f-diethylstilbene) was adminis- 
tered to the rabbit the main product excreted in 
the urine was stilboestrol monoglucuronide, in 
amounts corresponding to about 30% of the dose. 
This finding was confirmed by Wilder Smith & 
Williams (1948) and extended to hexoestrol and 
dienoestrol. Prof. R. T. Williams (private communi- 
cation) found that, in the rabbit, probably up to 
about 10 % of administered synthetic oestrogen was 


excreted as the ethereal sulphate. This figure was _ 


based on increases of total urinary ethereal sulphate 
on administering synthetic oestrogen, increases 
which were, however, not always unequivocal. 

In man, the excretion of stilboestrol as the mono- 
glucuronide in substantial amounts was reported 
by Dodgson & Williams (1948) and by Wilder 
Smith (1947), whilst detection of a small excretion 
as the ethereal sulphate was claimed by Wilder 
Smith (1947). 

Further experiments on excretion of synthetic 
oestrogens by the rabbit and by man are reported 
here together with the methods used for separation 
and assay of the ethereal sulphate, monoglucuro- 
nide and free oestrogen in urines. 


METHODS 


In the case of man the oestrogen was given in the form of 
tablets by mouth and the urine collected for 48 hr. and 
preserved with toluene. In the rabbit the oestrogen was 
given in solution in ethyl lactate by stomach tube; the urine 
was collected for 4 days and preserved with toluene. In 
both cases the urines were stored at 3° until use. The period 
of storage never exceeded 1 week. 

The method we have used for the ethereal sulphate and 
other determinations has the disadvantage that it is 
dependent on bioassay. It has been found that if slightly 
acidified urine or water containing hexoestrol, hexoestrol 
disulphate and hexoestrol monoglucuronide is extracted 
with ether the hexoestrol and hexoestrol monoglucuronide 
pass almost quantitatively into the ether layer. They may be 
separated from each other by extraction of the ether solu- 
tion with aqueous NaHCO,, in which the glucuronide is 
soluble, followed by dilute aqueous NaOH in which the 
hexoestrol is soluble. The urine or water remaining contains 
the ethereal sulphate from which the free oestrogen may be 
liberated by hydrolysis by acid; the amount of the ethereal 
sulphate originally present was determined by bioassay. 


In order to carry out the preliminary recovery experiments 
it was necessary to prepare the pure monoglucuronide and 
disulphate of hexoestrol. The monoglucuronide was obtained 
from the metabolism experiments reported previously 
(Simpson & Wilder Smith, 1948) while the disulphate (3:4- 
diphenylhexane-4’:4’”-disulphuric acid) was prepared by 
treating the free phenol at — 10° in carbon disulphide and 
dimethylaniline with chlorosulphonic acid (cf. Burkhardt & 
Lapworth, 1926; Short & Oxley, 1946) followed by crystal- 
lization from 2n-NaOH. 


Preliminary recovery experiments 


(a) Preparation of solutions. The synthetic mixtures for 
test were made up by weighing out the hexoestrol mono- 
glucuronide and the sodium salt of hexoestrol disulphate 
and adding them to a known volume of water or urine. The 
free oestrogen was weighed out and dissolved in a known 
volume of ethanol; the required portion was then pipetted 
from this solution directly into the centre of the prepared 
aqueous solution of sulphate and monoglucuronide. Care was 
taken to prevent precipitation losses due to the insolubility 
of the free oestrogen. 

Hexoestrol and its derivatives were used in preference to 
those of stilboestrol or dienoestrol on account of their 
greater stability (Wilder Smith & Williams, 1947). 

(b) ‘ Working up’ procedure. The sample was acidified with 
HCl until just acid to Congo-red paper and was then well 
shaken three times with equal volumes of ether. Foams were 
broken by adding traces of surface-active agents (e.g. Cal- 
solene). In general, the use of fairly large quantities of 
ether tended to reduce emulsion formation. Residual foams 
after this treatment were broken by filtration. Salt may not 
be used to break foams since the aqueous layer left after 
ether extraction is used directly for bioassay after suitable 
dilution. 

After the three hand extractions the aqueous layer was 
extracted for 24 hr. in a continuous ether extractor and the 
combined extracts evaporated to dryness, finally under 
reduced pressure. The residue was treated with 40 ml. 
saturated aqueous NaHCO, solution and the resultant 
mixture extracted with 3 x40 ml. ether. The bicarbonate 
layer, containing the monoglucuronide, was made acid to 
Congo-red paper with HCl, extracted with 5 x 40 ml. ether, 
the ether removed by evaporation and the residue made up 
to 100 ml. with acetone for bioassay. 

The ethereal solution which had been extracted with 
bicarbonate solution was then washed three times with 
2n-NaOH and the aqueous layer, containing the free 
oestrogen, acidified to Congo-red paper, extracted with 
ether three times and the ether extract made up in the 
same way for bioassay as the ether extract from the acidified 
bicarbonate layer. 
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The remaining original aqueous layer (containing the 
ethereal sulphate) from the continuous ether extraction, 
was refluxed for 1 hr. after the addition of 1% by volume 
of concentrated HCl, neutralized with dilute NaOH and 
assayed on rats directly after suitable dilution with water. 
Where the concentration of oestrogen present was too low 
for direct assay after this procedure, the solution was 
extracted with ether and the concentrated extract assayed. 

(c) Bioassay. The extracts of free oestrogen and mono- 
glucuronide in standard volumes in ethanol or acetone were 
diluted with water to give doses corresponding to recoveries 
of 10, 25, 50, 75 and 100%. Thus a rough range of recovery 
efficiency was obtained which was later narrowed by inter- 
mediate dosing. 

In the case of ethereal sulphate excretion in actual 
metabolism experiments much lower dose levels were 
required than in the case of the recovery experiments. In 
these cases the two nearest dose levels giving 80-100 % and 
0% response on five rats were reported in the Tables since 
the total excretion was so low that it was obviously not 
worth while narrowing the range to give figures which would 
allow of statistical treatment. The procedure of subcu- 
taneous injection and vaginal smearing was the standard 
one used in this Institute (Wilder Smith & Williams, 1948). 
It will be seen that by this method only very approximate 
figures can be given. 


Table 1. Recovery of hexoestrol, hexoestrol mono- 
glucuronide and sodium hexoestrol disulphate from 


water and urine* 
Recovery of Recovery of 


Na hex- hexoestrol 
Recovery of _oestrol monoglucuro- 
Medium hexoestrol disulphate nide (10 mg.) 
used (1 mg.) (%) (1Omg.) (%) (%) 
Water (1 1.) 67 (49-91) 48 (33-71)¢ 80 (63-105) 
Normal male 91 (77-117) 65 (51-84) 104 (89-124) 
urine (1 1.) 
Normal male 88 (73-106) 74 (64-85) ~: 
urine (1 1.) 


Normal male 103 (79-135) 82 (57-114) 108 (90-129) 


urine (1. 1) 


* The mean responses and fiducial limits (in parentheses) 
were determined by the methods given in Fisher & Yates 
(1943). 

+ The low figure was due to insufficient hydrolysis. 


EXCRETION OF SYNTHETIC OESTROGENS 367 


RESULTS 


Table 1 shows the results of some recovery experi- 
ments of hexoestrol monoglucuronide, hexoestrol 
disulphate and hexoestrol added to water and to 
urine. Tables 2 and 3 give the results of metabolism 


Table 2. Ethereal sulphate excretion of synthetic 
oestrogens in the rabbit 


Excretion as Monoglucuro- 
ethereal nide excretion 
sulphate* for comparisont 
Rabbit no. Dose (mg.) (%) (%) 
Stilboestrol y 
R 30 500 0-04-0-2 
R 30 500 0-04-0-2 
R 30 240 0-04-0-4 
R 30 240 “aan; 
R 20 275 0-1 -0-4 | 
R 20 275 0-04-0-1 
Hexoestrol 
R 8 500 0-1 -0-5 
R 9 500 0-05-0-1 } (30-46) 
Dienoestrolf 
R 6 500 0-1-0-5 
R 7 500 0-1-0-5 
R 8 400 0-2-0-5 (24-48) 
R 9 525 0-2-0-5 


* The lower percentage quoted gave 80-100% response 
in five rats, while the higher figure gave 0% response in 
five rats; these figures are not fiducial limits. 

+ Cf. Wilder Smith & Williams (1948). 

t The bioassay calculation for ethereal sulphate was made 
on the basis that the dienoestrol was cyclized to the cor- 
responding indene during acid hydrolysis (cf. Hausmann & 
Wilder Smith, 1948). 


experiments carried out in man and the rabbit. 
Excretion of synthetic oestrogens as glucuronides 
in the rabbit has been reported previously 
(Mazur & Schorr, 1942; Wilder Smith & Williams, 
1948). 


Table 3. Ethereal sulphate and monoglucuronide excretion of synthetic oestrogens in man 


Patient Oestrogen 
Case no. used. 

Prostatic cancer 1 Stilboestrol 

” 1 ” 
Normal woman 4 Hexoestrol 

” ay ” 

5 ” 

5 ” 

= 6 os 

7 ” 


” 


* The lower percentage quoted gave 80-100% response in five rats, while the higher figure gave 0% response in five 
rats; these figures are not fiducial limits. 


Percentage* excreted 





c= : . 
Dose As ethereal As mono- As free 
(mg.) stlphate glucuronide oestrogen 
25 1-5 50-60 1-2 
20 3-9 10-25 1-5 
5 1-5 75-100 10 
15 <0-5 25-50 <l 
5 <15 25-50 1-5 
50 <0-2 10-20 <l 
10 0-1-1 30-40 0-1-1 
10 0-1-1 25-50 0-1-1 





DISCUSSION 


In preliminary experiments it was found that, if the 
continuous ether extraction of the urine or water 
was continued for much more than 24 hr., low 
recoveries of sulphate with correspondingly higher 
recoveries of free oestrogen were obtained. Thisis due 
to the fact that under the acid conditions of the ex- 
periment, the ethereal sulphate is hydrolyzed to the 
free oestrogen which is then extracted by the ether. 
The somewhat high apparent recoveries of glucuro- 
nide are due to the slight solubility of free oestrogen 
in saturated aqueous bicarbonate. The high bio- 
logical activity of the free oestrogen compared with 
that of the glucuronide makes noticeable the pre- 
sence of even a trace of free oestrogen. During 
preliminary experiments also it was found that low 
sulphate figures resulted unless care was taken to 
ensure complete hydrolysis of the ethereal sulphate 
before bioassay. 

From Table 2 it is seen that the ethereal sulphate 
excretion in the rabbit was very low. Although the 
method was worked out for hexoestrol and its 
derivatives the similarity in chemical and physical 
properties of stilboestrol and its derivatives make it 
likely that the,method can be applied in their case 
also without much probability of serious error. In 
the case of dienoestrol it is necessary to make an 
additional correction to compensate for the con- 
version of dienoestrol to the corresponding indene 
(Hausmann & Wilder Smith, 1948) under the acid 
conditions used for the hydrolysis of the ethereal 
sulphate. 

It can be seen from Table 3 that large variations 
in glucuronide and ethereal sulphate excretion occur 
in man as in the case of the rabbit. Owing to the 
small dosage of oestrogen given in-the case of man 
the experimental errors are likely to be larger. 
Nevertheless, it is quite clear that the excretion as 
monoglucuronide in man is much larger than the 
excretion as free oestrogen or ethereal sulphate. 

In both the human subject and in the rabbit 
fairly high recoveries of monoglucuronide are 
obtained, both by our method and that of Dodgson 
& Williams (1948), but we have consistently found 
that, if the urine of patients treated with stilb- 
oestrol or hexoestrol is hydrolyzed under conditions 
known to give high yields of the free oestrogen 
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from the glucuronide, only about 10-15% of the 
original oestrogen administered can be detected 
afterwards as the free oestrogen. Thus, urines 
showing the presence of about 40-50% of the 
original oestrogen as monoglucuronide by the 
method given above will, on hydrolysis and redeter- 
mination as free oestrogen in the crude urine, show 
only about 10-15% present. Although it is known 
that the monoglucuronide figure determined by our 
method tends tobe high, yet this is scarcely sufficient 
to account for the discrepancy, for which we can 
offer at present no other explanation than to suggest 
that some other oestrogen, soluble in sodium bicar- 
bonate, may be present which has a higher oestro- 
genic potency than that of the monoglucuronide. 

The figures reported show that the general 
pattern of excretion of synthetic oestrogens is 
similar both for the rabbit and man in that the 
vastly increased doses used in animals for these 
metabolism experiments do not give a substantially 
changed picture from that obtained in therapeutic 
dosing in man. 

SUMMARY 

1. A method of separating the ethereal sulphates 
of certain synthetic oestrogens from their mono- 
glucuronides and free forms is described. 

2. A small excretion of synthetic oestrogen as 
ethereal sulphate has been found in both man and 
the rabbit. 

3. The method used for working up gives reason- 


ably quantitative results on known synthetic, 


mixtures in urines, so that there is little doubt that 
the comparatively low overall recoveries obtained 
in metabolism experiments are not due entirely to 
inadequate technique, but do indicate a real 
metabolic breakdown. 

4. Results obtained by determination of the 
metabolized oestrogen as the monoglucuronide are 
consistently higher than those obtained by hydro- 
lysis of all conjugated forms of oestrogen present 
followed by determination as free oestrogen. A 
possible explanation for this is offered. 

We are indebted to the Council of the Middlesex Hospital 
for the provision of laboratory facilities for this work, to 
Mrs D. Culliford and Mr B. D. Shepherd for technical 
assistance, to Dr W. Hausmann for the preparation of the 
synthetic oestrogen disulphates and to the Medical Research 
Council for a grant. 
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The Formation of Hydrogeri Carriers by 
Haematin-catalyzed Peroxidations 


2. SOME REACTIONS CF ADRENALINE AND ADRENOCHROME 


By J. E. FALK, The Institute of Medical Research, Royal North Shore Hospital, Sydney 


(Received 18 August 1948) 


Green & Richter (1937) found that adrenaline 
induces a vigorous oxygen uptake when added in 
low concentrations to the reconstructed lactic and 
malic dehydrogenase systems of heart muscle. 
This effect was found to be due to the oxidative 
formation from adrenaline of a substance which 
they identified and named adrenochrome. The 
formation of adrenochrome depended on the 
presence in their enzyme preparations of a factor 
which they considered very probably to be cyto- 
chrome c. It was further found that in the presence 
of cytochrome c¢ the effect was stimulated by 
hydrogen peroxide. They assumed that the role of 
hydrogen peroxide was the oxidation of ferrocyto- 
chrome c, and that ferricytochrome ¢ oxidized 
adrenaline to adrenochrome. Cytochrome ¢ and 
hydrogen peroxide thus exérted what Green & 
Richter called a ‘trigger’ effect, evidently by 
hastening the formation of adrenochrome. The 
addition of low concentrations of adrenochrome 
itself to the enzyme-adrenaline system also caused 
a ‘trigger’ effect, the reaction lag being shortened, 
but the maximum rate eventually reached not being 
much affected. : 

It was established that, once formed, the adreno- 
chrome acted as a carrier in these systems. Green 
& Richter were not certain whether the reoxidation 
of the reduced (leuco) adrenochrome was enzymic 
or autoxidative. ; 

Hermann, Boss & Friedenwald (1946) have shown 
that ‘oxidized adrenaline’ solutions are able to take 
part in a coupled oxidation of ascorbic acid, and 
that the rate in this case is further stimulated by 
the addition of cytochrome c. 

In an earlier paper (Albert & Falk, 1949) the 
peroxidative oxidation of certain acridine and 
quinoline compounds, catalyzed by cytochrome ¢ or 
methaemoglobin, was discussed. In the present 
paper a similar peroxidative oxidation of adrenaline 
is described; adrenochrome is shown to act as an 
autoxidizable hydrogen carrier in the oxidation of 
ascorbic acid, and to catalyze the oxidation of 
adrenaline itself. These reactions offer a possible 
explanation of the ‘trigger effects’ of cytochrome c 
and adrenochrome described by Green & Richter 


Biochem. 1949, 44 


(1937). They are a further example of the non- 
specific haematin peroxidative effect, which may 
also be of importance in vivo. 


EXPERIMENTAL 


Materials 


Water for all purposes was double distilled from an all 
glass still. Adrenaline was pure (—)-adrenaline, m.p. 213° 
(decomp.), kindly presented by Burroughs, Wellcome and 
Co., Sydney. It was stored under N;, and weighed amounts 
were dissolved immediately before use in 1 equiv. of 
0-1N-HCl and made up to the required volume. 

Adrenochrome was prepared from adrenaline by the 
method of MacCarthy (1945, 1946), quoted by Randall 
(1947); melting point, after crystallizing from dry methanol- 
formic acid, was 130° (decomp.). (Found: C, 60-1; H, 5-1; 
N, 7-6. Cale. for C,H,0,N: C, 60-3; H, 5-1; N, 7-°8%.) The 
monoxime of this adrenochrome was prepared and, as 
reported by Veer (1942a), it was found that its melting 
point rose as the substance lost water. After drying 
quickly on porous tile it melted sharply, with decomposition, 
at 175° and at 180° (decomp.) after drying in vacuo over 
CaCl,. Solutions of adrenochrome in water were prepared 
immediately before use. 

The ascorbic acid was pure; solutions were made in 
distilled water, with the addition of 1 equiv. of 0-1n-NaOH, 
immediately before use. H,O, solutions were prepared by 
diluting 100 vol. peroxide. Schering-Kahlbaum copper-free 
cysteine was used. The melting point of the quinol was 286°, 
and that of the catechol, 104°. The cytochrome c, methaemo- 
globin and catalase were prepared as described previously 
(Albert & Falk, 1949). 


Methods 


O, uptakes were measured in Warburg respirometers at 
pH 7-0 and 25 or 37-5°. The gas phase was usually air, and 
the shaking rate 120 per min. The total volume of liquid 
per flask was 2-0 ml., and the final molarity of the phosphate 
buffer was 0-12. 


RESULTS 
The effect of haematin compounds on the 
oxidation of adrenaline 


Fig. 1 shows the effect of cytochrome c on the rate 
of oxidation of adrenaline solutions at pH 7 and 
37-5°. The rate gradually increased in all cases to 
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@ maximum, which was maintained steadily for 
some time; the lag, however, was decreased in pro- 
portion to the amount of cytochrome ¢ added. In 
these experiments the red colour, characteristic of 
adrenochrome, appeared at about the end of the lag. 





100 
2 
a 
a 
6 

50 

° 100 200 
Time (min.) 
Fig. 1. The effect of cytochrome c on the oxidation of 


adrenaline. O, uptake was measured at pH 7 and 37-5°. 
Each flask contained 2-0 mg. of adrenaline. Cytochrome c 
in curves A-E; 0, 0-1, 0-2, 0-3 and 0-5 mg. respectively. 


After 10 hr. oxygen uptake was still occurring in all 
the flasks at rates only slightly lower than the 
maximum. At this time, the depth of the colour 
was greater the more cytochrome c had been added. 
Finally the colour became very dark, suggesting 
melanin formation. There was no output of carbon 
dioxide. The adrenaline was eventually oxidized 
past adrenochrome, even in the absence of cyto- 
chrome c¢ (theoretical oxygen uptake for 1 mg. 
adrenaline to adrenochrome, 122 l.). 


Table 1. Peroxidative catalysis of the 
oxidation of adrenaline 


(O, uptakes were measured at pH 7 and 37-5°. Each 
flask contained 2-0 mg. adrenaline (5-6 x 10-*m). Sufficient 
catalase was added to decompose completely 2-0 ml. of 
mM-H,0, in 10 min.; the cytochrome c was 0-9 x 10-°M, the 
methaemoglobin 0-22 x 10-5, and the H,O, 10-*. The lag 
(time to reach maximum rate) was reproducible to +3 min.) 


Reagents added Lag (min.) 

— 180 
H,0, 180 
Cytochrome c 65 
Cytochrome c + H,0, 30 
Cytochrome c + catalase 14¢ 
Methaemoglobin 75 
Methaemoglobin + H,O, 35 
Methaemoglobin + catalase 170 


Methaemoglobin reacted similarly to cytochromec 
(Table 1). In both cases the further stimulation 
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(shortening of lag) by hydrogen peroxide and the 
inhibition by catalase suggested a peroxidative 
mechanism. 

Green & Richter (1937) found a very rapid up- 
take of oxygen in the system adrenaline-cyto- 
chrome c-cytochrome oxidase. Here the adrenaline 
was simply the substrate for the cytochrome 
system; when the oxidase was boiled there was no 
uptake in the first 5 min. The peroxidative effect 
described above is only revealed when measure- 
ments are made for longer periods. 


The effect of adrenochrome on the 
oxidation of adrenaline 


Green & Richter (1937) studied the system malate, 
malic dehydrogenase, coenzyme, cyanide and adren- 
aline. In the full system small amounts of adreno- 
chrome greatly stimulated the rate of oxygen uptake 
and the oxidation of adrenaline to adrenochrome. In 
the absence of malate they found that the addition 
of adrenochrome did not stimulate the oxygen 
uptake (during the first 3 min.) and did not bring 
about the oxidation of adrenaline to adrenochrome. 





0-1 0-2 
Adrenochrome (mg.) 


0:010:02 0-05 


Fig. 2. The effect of adrenochrome on the oxidation of 
adrenaline. O, uptake measured at pH 7 and 37-5°. Each 
flask contained in the main bulb 2-0 mg. of adrenaline, 
and the adrenochrome solutions were tipped from a side 
arm. The adrenaline was 5-6 x 10-*m (0-2 mg. adreno- 
chrome gave a molarity of 5-4 x 10). 


It is now found that adrenochrome shortens the 
lag in the oxidation of adrenaline in a simple 
system containing only adrenaline and adreno- 
chrome at pH 7 and 37-5°. The results are shown in 
Fig. 2; the lag was progressively shortened with 
increasing amounts of adrenochrome. In controls 
with adrenochrome alone, the oxygen uptake was 
negligible. The original oxygen-uptake curves were 
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of the same type as those shown in Fig. 1, and only 
with very high adrenochrome concentrations could 
any stimulation be observed in the first 3 min. 

Adrenochrome did not increase the rate of autoxi- 
dation of cysteine, catechol or quinol at pH 7 and 
25° or 37-5°. 


The effect of adrenochrome on the 
oxidation of ascorbic acid 


Adrenochrome catalyzes the oxidation of ascorbic 
acid (Fig. 3). In these experiments there was no lag, 
and the oxygen uptake was linear within certain 
limits of time. 


Rate of O2 uptake (p2I./20 min.) 





0 
2 10 20 50 100 
Adrenochrome (x 1075 M) 


Fig. 3. The effect of adrenochrome on the oxidation of 
ascorbic acid. O, uptake was measured at pH 7. Each 
flask contained in the main bulb 1-0 mg. ascorbic acid 
2-8 x 10-*m). The adrenochrome was tipped from a side 
arm. Curve A, 25°; curve B, 37-5°. 


Hermann ef al. (1946) found that ‘oxidized 
adrenaline’ solutions had a similar effect on the 
oxidation of ascorbic acid, and that a further stimu- 
lation was caused by cytochrome c. The present 
author has repeated this experiment under the 
conditions described by Hermann e¢ al. (1946) with 
quantitative agreement with their results. These 
workers considered that the ‘oxidized adrenaline’ 
solutions contained ‘some unoxidized adrenaline 
and several oxidation products at different steps 
towards the maximum possible oxidation’. In this 
connexion it is noteworthy that with an amount of 
this solution (prepared according to their method) 
equivalent to an original 0-4 mg. of adrenaline, 
3-0 mg. of ascorbic acid absorbed only 72 yl. of 
oxygen in 20 min. at pH 7-0 and 37-5°. Under 
similar conditions, but with 0-4 mg. of adrenochrome 
instead of oxidized adrenaline, 280 yl. of oxygen 
were absorbed. 

Under no conditions, however, was cytochrome c 
found to stimulate the rate of oxidation of ascorbic 
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acid in the presence of pure adrenochrome alone. 
As has been shown above, cytochrome c¢ consider- 
ably stimulates the oxidation of adrenaline, and it 
seemed possible that the cytochrome c stimulation 
of Hermann et al. (1946) was due to the effect of the 
cytochrome ¢ in converting unchanged adrenaline 
in the solution of ‘oxidized adrenaline’ to adreno- 
chrome. Provided that the rate was limited by the 
adrenochrome concentration (cf. Fig. 3) cytochrome 
c should thus cause a stimulation. Under certain 
conditions (Table 2) it was in fact found that cyto- 


_chrome ec caused a stimulation in the rate of oxi- 


dation of ascorbic acid in the presence of mixtures 
of adrenochrome and adrenaline. 


Table 2. Oxidation of ascorbic acid with a mixture of 
adrenaline and adrenochrome 


(O, uptakes were measured at pH 7 and 37-5°. Each flask 
contained 2-0 mg. of ascorbic acid in a side arm, the 
remainder of the reagents being in the main bulb. Adreno- 
chrome was limiting in Exps. 1 and 2. All values are 
corrected for ascorbate autoxidation (15 yl./10 min.). In 
Exps. 1 and 2, the flasks were shaken in the bath for 
30 min. before tipping in the ascorbic acid.) 


Exp.1 Exp.2 Exp.3 Exp.4 
Adrenaline (mg.) 0-3 0-3 0 0 
Adrenochrome (mg.) 0-036 0-036 0 0 
Cytochrome c(mg.) 0 0-5 0 0-5 
Oxidized adrenaline 0 0 0-4 0-4 
(mg.) 
O, uptake 55;57 75;77 20;20 129; 132 


(u1./10 min.) 


When the ascorbic acid was added, without 
previous incubation, only a very slight cytochrome 
c stimulation was found under the conditions of 
Exps. 1 and 2. There seems little doubt (Fig. 2) that 
the leucoadrenochrome-adrenochrome system acts 
as a hydrogen carrier in the oxidation of adrenaline, 
and it is likely that hydrogen peroxide is formed in 
the reaction (see p. 372). Thus ‘oxidized adrenaline’ 
solutions may differ from mixtures of adrenaline 
and adrenochrome in containing small amounts of 
hydrogen peroxide. When Exps. 1 and 2 of Table 2 
were repeated in the presence of 10-*m-hydrogen 
peroxide, a similar cytochrome ¢ stimulation was 
found without previous incubation. 


DISCUSSION 


The oxidation of adrenaline 


On shaking solutions of adrenaline in air at pH 7-0, 
a relatively slow, autocatalytic oxidation occurs, 
presumably involving reactions (la) and (1b) (see 
p. 372). 

Melanin is eventually formed by unknown re- 
actions, probably involving further oxidation and 
polymerization. The rate, followed by measurement 
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of oxygen uptake, is typical of an autocatalytic 
process (Fig. 1, curve A); it is possible that this 
is due to adrenochrome, as formed, acting as a 
hydrogen carrier, being reduced by adrenaline to 
leucoadrenochrome with reoxidation by oxygen 
(reaction (2)). 
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invalid, since it requires the reduction of the 
adrenochrome by the more electropositive adrena- 
line (Table 3). 

However, Ball & Chen (1933) measured a thermo- 
dynamically reversible step in the oxidation of 
adrenaline in acid solution, but found that at pH 7 


+H,0 


[ a ne ee 
i A +H,0, \/S eal 
(a) (b) ur, 
Adrenaline Adrenaline quinone Adrenochrome 
(1) 
caer \_cuon 0 ef \ __cHon 
| | : | 
ail 4 — | | & == 
i er hg J \n7 
bu, du, 
Leucoadrenochrome Adrenochrome 
(2) 


This mechanism is supported by the results 
shown in Fig. 2. Reaction (la) is probably slow 
compared with (1b), and it is probably (1a) which 
is catalyzed by the adrenochrome (see below, and 
cf. also LuValle & Weissberger, 1947). 

The stimulation by cytochrome c and methaemo- 
globin of the oxidation of adrenaline is clearly 
a peroxidative effect, since it is stimulated by 
hydrogen peroxide and inhibited by catalase. It is 
probably again reaction (la) which is catalyzed, 
becoming now reaction (3). 


Adrenaline + H,0, (haematin) adrenaline quinone + 2H,0. 
(3) 


Autocatalysis here is probably due to two factors, 
adrenochrome as it is formed catalyzing the oxi- 
dation as a hydrogen carrier, and the hydrogen 
peroxide formed (reaction (2)) contributing to the 
peroxidative catalysis. 

The postulation of adrenochrome as a hydrogen 
carrier in the oxidation of adrenaline may seem 


the oxidant of the system was extremely unstable. 
There is little doubt that they were dealing with the 
system adrenaline = adrenaline quinone (1a), the 
latter undergoing at pH 7 a very rapid irreversible 
change with ring closure to yield adrenochrome by 
oxidation (either directly or after rearrangement to 
leucoadrenochrome), or by dismutation. 

Such a system with an unstable component may 
be completely oxidized by another much more 
electronegative system. Thus Ball & Chen (1933) 
found that at pH 7 one equivalent of adrenaline 
(Ej, pH 7= + 0-388 V) was capable of reducing four 
equivalents of 2:6-dichlorophenolindophenol (Z,, 
pH 7= +0-217 V). 


The oxidation of ascorbic acid by 
adrenochrome 


In catalyzing the oxidation of ascorbic acid 
(Fig. 3) adrenochrome again acts as a hydrogen 
carrier. A similar oxidation of the still more electro- 


Table 3. Oxidation-reduction potentials 


Eo at 
pH 7-0 Temp. 
Substance (V) (°) Reference Method 
Adrenaline +0-388 30 Ball & Chen (1933) Oxidative 
Catechol +0-360 30 Ball & Chen (1933) Oxidative 
Quinol +0-271 30 Ball & Chen (1933) Oxidative 
Leucoadrenochrome +0-044 20 Wiesner (1942) Polarographic 
Ascorbic acid — 0-066 35-5 Borsook & Keighley (1933) Potentiometric (method of mix- 
tures) extrapolated to pH 7-0 

Cysteine — 0-390 25 Borsook, Ellis & Huffman (1937) Thermal 





Vol. 44 


negative cysteine might be expected. The oxidation 
of cysteine is very complex, however (cf. Remick, 
1943; Borsook et al. 1937), and Ej values at pH 7 
as high as + 0-06 V have been recorded (Williams 
& Drissen, 1930). 

It is possible that adrenaline may be oxidized in 
living tissues by non-enzymic mechanisms such as 
those described above. The importance of adreno- 
chrome has been stressed by Veer (1942a), who 
brought forward evidence that it is biologically 
active, and that it is a melanin precursor in vivo. 
The closely related pigment hallachrome was found 
by Friedheim (1932, 1933) to increase the oxygen 
consumption of erythrocytes, and probably plays 
a role in the maturation of reticulocytes (Gad, 
Jacobsen & Plum, 1944). Veer (19426) obtained 
evidence for somewhat similar action of adreno- 
chrome, in that it augments the leucocyte migration 
of animal bone-marrow transplantations in vitro. 

The catalysis by adrenochrome of adrenaline 
oxidation is analogous to the non-enzymic step in 
the oxidation of tyrosine discussed by Kertész 
(1948), in that in each case the catalyst is an 
o-quinone. Leucoadrenochrome, however, is very 
rapidly autoxidized at pH7, while dihydroxy- 
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phenylalanine oxidation is rapid only when cata- 
lyzed enzymically. 


SUMMARY 


1. The oxidation of adrenaline by atmospheric 
oxygen at pH7 is catalyzed peroxidatively by 
cytochrome c and by methaemoglobin. Traces of 
hydrogen peroxide originally formed by autoxida- 
tion of adrenaline are later augmented by autoxi- 
dation of leucoadrenochrome. 

2. The oxidation of adrenaline is catalyzed by 
adrenochrome, which acts as a hydrogen carrier. 

3. Adrenochrome acts as a hydrogen carrier in 
catalyzing the oxidation of ascorbic acid by atmo- 
spheric oxygen. It does not affect the rate of 
oxidation of cysteine, catechol or quinol at pH 7. 

4. The catalysis of the oxidation of ascorbic acid 
by ‘oxidized adrenaline’ solutions appears to be due 
to the adrenochrome content of these solutions. 


Dr R. Lemberg is thanked for his guidance throughout 
the work, and Dr A. Albert for his continued interest. This 
work was financed by grants from the Wellcome Foundation 
and the National Health and Medical Research Council of 
Australia. 
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The Substrate Specificity of the Tyrosine Decarboxylase 
of Streptococcus faecalis 


By G. H. SLOANE-STANLEY, Department of Pharmacology, University of Oxford 
(Received 6 August 1948) 


Streptococcus faecalis has been shown to possess an 
enzyme which decarboxylates L-tyrosine and L-3:4- 
dihydroxyphenylalanine, with the formation of 
carbon dioxide and the corresponding amines; this 
enzyme is known as tyrosine decarboxylase (Gale, 
1940; Epps, 1944). ~-3:4-Dihydroxyphenylalanine 
is also a substrate of the DOPA decarboxylase of 
mammalian tissues. This enzyme attacks neither 
L-tyrosine nor L-phenylalanine (Blaschko, 1939), 


but it does decarboxylate L-2:5-dihydroxyphenyl- 
alanine, L-m-hydroxyphenylalanine and_ L-o- 
hydroxyphenylalanine (Blaschko & Sloane-Stanley, 
1948; Blaschko, 1949). The experiments described 
in this paper were done in order to find out 
whether 2:5-dihydroxyphenylalanine, m-hydroxy- 
phenylalanine and o-hydroxyphenylalanine are 
substrates of the streptococcal tyrosine decarboxy- 
lase. 
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METHODS 


Preparation of the enzyme. A strain of Strep. faecalis R 
(American Type Culture Collection no. 8043), given by Prof. 
I. C. Gunsalus, was used. The organism was maintained as a 
stab culture in glucose-marmite agar, renewed every fort- 
night. For experimental purposes it was grown in a liquid 
medium. Two media were used: a vitamin B,-free medium 
and a medium containing pyridoxal; the latter was pre- 
pared by adding 500 yg. of pyridoxal (Merck) to each litre 
of the vitamin B,-free medium. The vitamin B,-free 
medium was similar to that developed by Bellamy & 
Gunsalus (1945); its composition is given in Table 1. The 
concentration of K,HPO, in the medium was double that 
given by Bellamy & Gunsalus; this change approximately 
trebled the yield of tyrosine decarboxylase. 


Table 1. Medium used for growth of Streptococcus 
faecalis R 


(Quantities for 1 1. of solution; adjusted to pH 7-2-7-3 
before autoclaving.) 


Casein hydrolysate, dried, vitamin-free 10 g. 

Anhydrous glucose 10 g. 

K,HPO, 10 g. 

Sodium acetate (hydrated) 2 g. 

Salts B (Landy & Dicken, 1942) 5 ml. 
pt-Alanine 200 mg. 
L-Cystine 200 mg. 
pL-Tryptophan 100 mg. 
Thioglycollic acid 100 mg. 
L-Tyrosine 100 mg. 
Adenine sulphate 5 mg. 
Guanine hydrochloride 5 mg. 
Uracil 5 mg. 
Nicotinic acid 5 mg. 
Calcium dextropantothenate 1 mg. 
Riboflavin 1 mg. 
Pteroylglutamic acid 44 pg. 
Biotin 1 pg. 


Before it was grown in either of the experimental media, 
the organism was subcultured through a liquid medium 
prepared by adding 0-1 yg. of pyridoxal to 9 ml. of the 
vitamin B,-free medium. After inoculation from the stab 
culture, this medium was incubated for 24 hr. at 37°. The 
cell suspension was then diluted 20 times with sterile 
distilled water, and each 9 ml. of experimental medium 
was inoculated with 0-1 ml. of the diluted suspension. 

Washed suspensions of intact resting cells were prepared 
as follows.Tubes, each containing 9 ml. of medium, were 
inoculated and incubated for 24 hr. at 37°. The cells were 
then centrifuged out and washed with 0-9 % (w/v) NaCl; for 
the manometric experiments the cells from each tube were 
suspended in 1-5 ml. of distilled water. 

Dried cells of the organism were prepared as follows. For 
each sample a flask containing about 400 ml. of warmed 
medium (with or without added pyridoxal) was inoculated 
and incubated at 37°. In the absence of pyridoxal the 
highest yields of tyrosine apodecarboxylase were obtained 
after 20 hr. incubation; in the presence of pyridoxal the 
best time of incubation was c. 14 hr. The flask was then 
cooled to 0°; the cells were centrifuged out, washed with 
ice-cold 0-9 % (w/v) NaCl and suspended in a little ice-cold 
distilled water. The suspension was poured into c. 7 vol. of 
ice-cold dry acetone; the cells were then filtered off on a 
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small Buchner funnel (using Whatman no. 50 paper), 
washed with small portions of ice-cold dry acetone, and 
finally dried in vacuo over H,SO,. About 250 mg. of dried 
cells were usually obtained from each 400 ml. of medium. 
They were stored in vacuo over H,SO, at 0°. 

Manometric procedure. In all experiments Warburg 
manometers were used, with conical flasks with one side 
bulb. The side bulb of each flask contained 0-4 ml. of 
substrate solution, excopt in substrate competition experi- 
ments, in each of which the side bulb of one flask contained 
0-4 ml. of a solution of the amino-acid to be tested plus 
0-4 ml. of 0-04M-L-tyrosine suspension. The temperature of 
the bath was 28-5°. In the experiments with intact cells 
the gas phase was air, except in the studies with 2:5-di- 
hydroxyphenylalanine when N, was used. In all experiments 
with dried cells the gas phase was N,. 

The contents of the main compartments of the mano- 
meter flasks depended on the cell preparation used. In the 
experiments with intact cells grown in the vitamin B,-free 
medium, the main compartments contained: 0-5 ml. of cell 
suspension, 1-0 ml. of 0-075m-phthalate buffer (pH 5-0), 
1:0 ml. of pyridoxal hydrochloride solution (containing 
10 pg. of pyridoxal) and 0-1 ml. of distilled water. Under 
these conditions the tyrosine apodecarboxylase in the cells 
is saturated with codecarboxylase formed within the cells 
from the added pyridoxal (Gunsalus & Bellamy, 1944). In 
these experiments the rate of evolution of CO, was low in 
the first few minutes after tipping but subsequently increased, 
and became steady after about 15 min. 

In the experiments with dried cells grown in the vitamin 
B,-free medium, the main compartment of each manometer 
flask contained: 1 mg. of dried cells (added as a suspension 
in distilled water), 0-2 ml. of M-acetate buffer (pH 5-5), 1-0 ml. 
of pyridoxal hydrochloride solution (containing 10 yg. of 
pyridoxal), 0-1 ml. of adenosinetriphosphate (ATP) solution 
(prepared from a sample of the barium salt, given by 
Boots Pure Drug Co. Ltd., and containing 1 mg. of ATP); 
distilled water was added to make the total volume 
of liquid, including that in the side bulb, 3 ml. Under these 
conditions, the tyrosine apodecarboxylase in the dried cells 
is saturated with codecarboxylase formed from the added 
pyridoxal and ATP by an enzyme in the cells (Umbreit, 
Bellamy & Gunsalus, 1945). With dried cells, the rate 
of evolution of CO, became steady within 5 min. after 
tipping. 

In the experiments with dried cells grown in the medium 
containing pyridoxal (500 yg./l.), the main compartment of 
each flask contained: 10 mg. of dried cells (added as a 
suspension in distilled water), 0-2 ml. of M-acetate buffer 
(pH 5-5) and distilled water to make the volume 1-1 ml. The 
dried cells used for these experiments contained tyrosine 
decarboxylase already saturated with codecarboxylase. 
These cells will be referred to as ‘complete’ cells. In these 
experiments CO, was evolved at the maximum (steady) 
rate from the moment of tipping. 

In every experiment, the steady rate of evolution of CO, 
was measured, and is given as V in the Tables; V7 represents 
the rate with 0-4 ml. of 0-04.M-.L-tyrosine added as substrate. 


RESULTS 


Experiments with m-hydroxyphenylalanine. The 
results of some typical experiments are given in 
Table 2. Intact cells of Strep. fdecalis R were 
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tested with two different concentrations of m- 
hydroxyphenylalanine: with the lower concentra- 
tion no CO, was evolved (Exp. 1); with the higher 
concentration a small amount of CO, was apparently 
evolved, but it is doubtful whether this was outside 
the limits of experimental error (Exp. 2). With 
dried cells, however, m-hydroxyphenylalanine 
was definitely decarboxylated ; the rate of reaction 
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water, and the washings were added to the tube. 
The mixture (8 ml.) was expected to contain 1 mg. 
of m-hydroxyphenylethylamine/ml. It was heated 
for 5 min. in boiling water and then centrifuged. 
Portions of the supernatant fluid were injected into 
the jugular vein of a spinal cat. Fig. 1 is a record of 
the arterial blood pressure and shows the results of 
the injection of: (a) 1-0 mg. of synthetic m-hydroxy- 


Table 2. Tyrosine decarboxylase of Streptococcus faecalis R, and m-hydroxyphenylalanine 


Exp. no. Enzyme preparation 
1 Intact vitamin B,-free cells + pyridoxal 
2 Intact vitamin B,-free cells + pyridoxal 
3 Dried vitamin B,-free cells + pyridoxal + ATP 
+ Dried ‘complete’ cells grown with 


pyridoxal 


was about 30% of that with tyrosine as sub- 
strate. 

Substrate competition experiments suggested 
that tyrosine and m-hydroxyphenylalanine are 
both decarboxylated by the same enzyme. In one 
such experiment the rates of evolution of CO,, in 
pl./hr., were: with 9-011 M-DL-m-hydroxypheny]l- 
alanine, 220; with 0-0053M-.L-tyrosine, 810; with 
both amino-acids, 590. 

The product of the decarboxylation of m- 
hydroxyphenylalanine is the corresponding amine, 
m-hydroxyphenylethylamine. This substance has 
sympathomimetic properties and raises the arterial 
blood pressure of the spinal cat (Barger & Dale, 
1910; Blaschko, Holton & Sloane-Stanley, 1949). 
The liquid from manometer flasks in which m- 
hydroxyphenylalanine had been incubated with 
dried ‘complete’ cells of Strep. faecalis R was, 
therefore, injected into spinal cats whose arterial 
blood pressure was recorded; its pressor action was 
compared with that of synthetic m-hydroxyphenyl- 
ethylamine. In one such experiment four mano- 
meter flasks were set up, each containing 10 mg. of 
dried ‘complete’ cells and 0-022M-DL-m-hydroxy- 
phenylalanine in a total volume of 1-5 ml. They were 
shaken in the bath for 2 hr. after tipping, by the end 
of which time the evolution of CO, had almost 
ceased; the results of Exp. 4 were obtained from 
one of these flasks. The total volume of CO, which 
had been evolved in all four flasks was 1220 pl. The 
retention of CO, under these conditions had been 
found to be about 6 % in a parallel experiment with 
tyrosine as substrate; therefore, the evolution of 
1220 yl. of CO, corresponded to the formation of 
1290 yl., equivalent to 8 mg., of m-hydroxyphenyl- 
ethylamine. The liquid from all four manometer 
flasks was pipetted into a centrifuge tube; each 
flask was washed twice with 0-25 ml. of distilled 


Vr (pl. CO, 

Cone. of DL-m- evolved/hr., 

hydroxyphenyl- V (ul. CO, tyrosine as 
alanine (M)  evolved/hr.) substrate) V/Vr 

0-0027 0 300 0 

0-014 10 490 0-02 
0-011 220 810 0-27 
0-022 360 1150 0-31 


phenylethylamine, (6b) 1-0 ml. of the supernatant 
fluid, and (c) 0-7 mg. of synthetic m-hydroxypheny]l- 
ethylamine. The injection of the supernatant fluid 
had an effect on the blood pressure similar to that of 


Arterial blood pressure 





(a) (5) (c) 


Fig. 1. Pressor action of m-hydroxyphenylethylamine. 
Arterial blood pressure of spinal cat. Tracing shows 
effects of intravenous injection of: (a) 1-0 mg. of synthetic 
m-hydroxyphenylethylamine; (6) 1-0 ml. of supernatant 
fluid from incubation of m-hydroxyphenylalanine with 
acetone-dried preparation of Strep. faecalis R, expected 
to contain 1-0 mg. of m-hydroxyphenylethylamine, and 
(c) 0-7 mg. of synthetic m-hydroxyphenylethylamine. 


synthetic m-hydroxyphenylethylamine. The pressor 
response to 1-0 ml. of the supernatant fluid was 
slightly less than that of 1-0 mg. of the synthetic 
amine; this may have been due to the fall of the 
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initial blood-pressure level between injections (a) and 
(6). The pressor effect of 1-0 ml. of the supernatant 
fluid was, however, greater than that of 0-7 mg. of 
the amine. These results show that, within the 
limits of error of this method, the concentration of 
m-hydroxyphenylethylamine in the supernatant 
fluid, as determined by pharmacological assay, 
agreed with that calculated to be present from the 
results of the manometric experiment. The total 
volume of CO, formed in this experiment, 1290 yl., 
was 43 % of that which would have been formed by 
the complete decarboxylation of the m-hydroxy- 
phenylalanine added. This suggests that only one of 
the two optical isomers, probably the u-form, was 
attacked. 

Experiments with o-hydroxyphenylalanine. DL-o- 
Hydroxyphenylalanine (0-0107M) was incubated 
with dried vitamin B,-free cells plus pyridoxal and 
ATP. CO, was evolved at a rate of c. 25 yl./hr.; 
with 0-0053 M-L-tyrosine as substrate, the rate of 
evolution of CO, was 810 yl./hr. In a substrate 
competition experiment done at the same time, the 
rate of evolution of CO, with both substrates was 
775 pl./hr., which represented a decrease of 4% in 
the rate of decarboxylation of tyrosine; in another, 
similar, experiment the decrease was 10%. These 
decreases were probably not significant. 

Experiments with 2:5-dihydroxyphenylalanine. 
The results of some typical experiments are given 
in Table 3. Intact cells of Strep. faecalis R did not 
decarboxylate 2:5-dihydroxyphenylalanine at all; 
but in some of the experiments with dried cells CO, 
was apparently evolved, but very slowly. 
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decreased the rate of decarboxylation of the same 
amount of L-tyrosine by only 8% (from 370 to 
340 pl. of CO,/hr.). 


DISCUSSION 


The results of the experiments with the isomers of 
tyrosine have shown that the rates of decarboxyla- 
tion of these amino-acids by dried preparations of 
Strep. faecalis R decrease in the order tyrosine, 
m-hydroxyphenylalanine, o-hydroxyphenylalanine. 
The meta compound was decarboxylated by 
acetone-dried preparations of the organism at 
about 30% of the rate observed with tyrosine; 
m-hydroxyphenylethylamine was formed in this 
reaction, as shown by its effect on the arterial 
blood pressure of the spinal cat. Substrate com- 
petition experiments suggested that both tyrosine 
and m-hydroxyphenylalanine were decarboxylated 
by the same enzyme. With o-hydroxyphenyl- 
alanine CO, was evolved so slowly that it is doubtful 
whether this amino-acid was decarboxylated at all. 
In substrate competition experiments it caused 
negligible decreases in the rate of decarboxylation 
of tyrosine; its affinity for tyrosine decarboxylase 
must, therefore, be very low. 

In the experiments with m-hydroxyphenyl- 
alanine no CO, was evolved in the presence of 
washed suspensions of intact resting cells of the 
organism; as a result of this observation it was 
stated that the tyrosine decarboxylase of Strep. 
faecalis does not attack m-hydroxyphenylalanine 
(Blaschko & Sloane-Stanley, 1948). But the experi- 


Table 3. T'yrosine decarboxylase of Streptococcus faecalis R, 
and 2:5-dihydroxyphenylalanine 


Exp. no. Enzyme preparation 


Intact vitamin B,-free cells + pyridoxal 
Intact vitamin B,-free cells + pyridoxal 
Dried vitamin B,-free cells + pyridoxal + ATP 
Dried vitamin B,-free cells + pyridoxal + ATP 
Dried ‘complete’ cells (grown with pyridoxal) 


In order to find out whether tyrosine decarb- 
oxylase can combine with 2:5-dihydroxyphenyl- 
alanine, substrate competition experiments were 
done. In Exp. 7, a mixture of 0-4 ml. of 0-08M-DL- 
2:5-dihydroxyphenylalanine plus 0-4 ml. of 0-04m- 
L-tyrosine was added as substrate; the rate of 
evolution of CO, was 590 pl./hr.; thus the addition 
of 2:5-dihydroxyphenylalanine had decreased the 
rate of decarboxylation of tyrosine by 27% 
(V;=810). In another experiment the addition 
of 0-4 ml. of 0-04 M-L-2:5-dihydroxyphenylalanine 


Vp (pl. CO, 
evolved/hr., 
tyrosine as 
substrate) V/V 


350 0 


Cone. of 2:5- 

dihydroxy- 

phenylalanine V (yl. CO, 

(mM) evolved/hr.) 

0-011 (DL) 0 
0-0053 (L) 0 380 0 
0-0107 (DL) 20 810 0-025 
0-0053 (L) 0 370 0 
0-0107 (x) 15 490 0-03 


ments described in this paper have shown that 
although this amino-acid is not decarboxylated by 
intact cells of Strep. faecalis R, it is attacked by 
acetone-dried preparations of the organism. This 
difference is interesting for it suggests that the 
undamaged cell membranes of the intact cells 
are impermeable to m-hydroxyphenylalanine, 
although they are freely permeable to the isomeric 
tyrosine. 

It is not certain whether 2:5-dihydroxyphenyl- 
alanine is a substrate of tyrosine decarboxylase, or 
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can combine with the enzyme. It was apparently 
decarboxylated very slowly by acetone-dried pre- 
parations of Strep. faecalis R, and it caused slight 
decreases in the rates of decarboxylation of tyrosine 
by these preparations; but these effects may have 
been within the limits of experimental error. 

As a result of the experiments of Epps (1944) it 
is evident that the tyrosine decarboxylase of Strep. 
faecalis attacks both tyrosine and 3:4-dihydroxy- 
phenylalanine. The experiments described in the 
present paper have not been done with pure pre- 
parations of the enzyme, but the evidence presented 
suggests that m-hydroxyphenylalanine is in fact a 
substrate of tyrosine decarboxylase. It is evident 
that the replacement of the para hydroxyl group of 
tyrosine by a hydroxyl group in the meta position 
relative to the side chain produces a substance 
which is still decarboxylated by Strep. faecalis; on 
the other hand, our experiments with o-hydroxy- 
phenylalanine have shown that the rate of de- 
carboxylation of this compound by tyrosine 
decarboxylase is very low. 


SPECIFICITY OF TYROSINE DECARBOXYLASE 


SUMMARY 


1. Acetone-dried preparations of Strep. faecalis R 
decarboxylate m-hydroxyphenylalanine at about 
30% of the rate at which they decarboxylate 
tyrosine. The reaction appears to be specific for 
the u-form of m-hydroxyphenylalanine, which 
is decarboxylated quantitatively to m-hydroxy- 
phenylethylamine. Washed suspensions of intact 
resting cells of the organism have no detectable 
action on m-hydroxyphenylalanine. 

2. Dried preparations of Strep. faecalis R do not 
decarboxylate o-hydroxyphenylalanine at a signi- 
ficant rate, nor has this amino-acid any detectable 
affinity for tyrosine decarboxylase. 

3. Neither dried preparations nor intact cells of 
Strep. faecalis R have any significant action on 
2:5-dihydroxyphenylalanine. 
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for a Research Training Grant. 
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The Effects of Applied Pressure on Secretion 
by Isolated Amphibian Gastric Mucosa 


By R. E. DAVIES anp C. TERNER, Medical Research Council Unit for Research in Cell Metabolism, 
Department of Biochemistry, University of Sheffield 


(Received 20 August 1948) 


Ludwig (1851) has shown that secretion by the sub- 
maxillary gland can occur against a pressure greater 
than the arterial blood pressure, but no evidence is 
available about the relation between pressure and 
secretion in the stomach. The apparatus described 
in this paper was developed to study simultaneously 
the rates of fluid secretion and respiration by iso- 
lated gastric mucosa. The results show that the 
secretion of hydrochloric acid can occur against 
pressure. This supports the view that the hydro- 
static pressure of the blood is not an essential part of 
the mechanism of secretion of the solution of hydro- 
chloric acid by the oxyntic cell. 


Apparatus EXPERIMENTAL 


The apparatus used is shown in Figs. 1 and 2. It consists 
of a manometer A, a vessel B, and a hollow stopper S. A is 
a constant pressure manometer (modified from Dixon, 
1943). Like a Warburg manometer it consists of a U-tube 
provided with a rubber reservoir R, containing modified 
Brodie solution. A graduated 0-5 ml. pipette P is attached 
to its right-hand limb; a rubber reservoir 2, containing 
mercury is attached to the end of the pipette. The vessel B 
is a conical cup (volume c. 27 ml.) with a central ground 
socket J, and two side arms C, and C,. The vesselis attached 
to the manometer by the ground joint J, on the side arm C,. 
The side arm C,, which is not shown in Fig. 2, has a tap 
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stopper. Instead of the usual centre well a side well W is 
fused to the wall of the vessel. The stopper S fits into the 
socket J,. The hollow base of S dips into the nutrient saline 
in B, and communicates with a graduated horizontal 
capillary side tube G which can be closed by tap 7’. The 
stopper S is in turn closed by a tap stopper V, which must 
have a wide hole to allow easy flow of the excess liquid 
paraffin (see Methods). 


\7 J 
Sf 
IT 


Constant pressure manometer. F,, reservoir for 
Brodie solution; R,, reservoir for mercury, outer diameter 
of tubing 0-75 cm.; P, mercury pipette, bore 0-18 cm., 
capacity 0-5 ml., graduation 1 division=5yl. (length 
20 cm.). U-tube graduated in mm. (bore 0-11 cm.). 


Fig. 1. 


Theory of the apparatus 


Dixon (1943) described a differential constant pressure 
manometer which had some similarities to the present 
apparatus, but the theory of the system when used for CO, 
measurements was not given. 

Case 1. Gas space filled with 100% O,, CO, absorbed by 
NaOH. The amount of O, absorbed is given by the readings 
of pipette P, multiplied by a factor correcting it to N.T.P. 

Case 2. Gas space filled with 5% CO,+95% Nz. CO, is 
evolved and the partial pressures of both CO, and N, 
change. Since the solubility of CO, is high (« =0-74 at 25°), 
the amount dissolved in the liquid changes appreciably. 
The solubility of N,, however, is small (« =0-015 at 25°), and 
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since the partial pressure changes during an experiment are 
not more than 0-3%, the changes in the amount of N, 
dissolved in the liquid can be safely neglected. The simplified 
theory of the system for measuring the anaerobic glycolysis 
is given below. 

Case 3. Gas space filled with 5% CO,+95% O,. O, is 
absorbed and respiratory CO, is evolved. In a non-secreting 
mucosa the CO, output nearly balances the O, uptake so 
that the manometric readings show a very small resultant 
uptake of gas. In a secreting mucosa 1 mol. of CO, is 
absorbed to form a bicarbonate ion for each molecule of 
HCl produced. The increase in the metabolic’ rate of the 
tissue during secretion is usually about 30%, and, as was 
shown by Davies (1948), no significant change occurs in the 
overall uptake as measured on Warburg manometers. The 


Fig. 2. Vessel B, hollow stopper S, with graduated side 
tube G, and part of manometer A. Capacity of B, 25 ml.; 
capacity of side arms C, and C, (C, is not shown), 1 ml. 
Outer diameter of G, 0-6 cm.; bore 0-1 cm., length 15 cm., 
graduation 1 division=1 py]. The mucosa is tied to the 
base of S (diameter 0-9 cm.). 


rate of uptake of the CO, absorbed by the mucosa during 
secretion of acid can, therefore, be used to estimate the rate 
of secretion of HCl (see Davies, 1948). The solubility of O, is 
low («=0-028 at 25°), and so the simplified theory of the 
system, when used for measuring the uptake of CO, due to 
acid secretion, is the same as in Case 2. 


Let 2=the amount of gas evolved (yl. at N.7.P.); 
v=the observed change in the readings of the 
mercury pipette (yl.); 

V,=the volume of the gas space in the vessel and 
manometer (yl.); 

Vp, =the volume of the liquid in the vessel (yl.); 

T =the absolute temperature; 

P =the initial pressure in the vessel (i.e. the baro- 
metric pressure+-the pressure maintained in 
the manometer, mm. Brodie solution) ; 

P, =the normal pressure (10,000 mm. Brodie solution) ; 

=the vapour pressure of water at temperature 7 
(mm. Brodie solution) ; 

« =Bunsen’s absorption coefficient (expressed as ml. 
gas/ml. liquid when the partial pressure of the 
gas is equal to P,) at N.T.P. 

c=the initial percentage of the gas under considera- 
tion in the gas mixture of the cylinder; and 

c’ =the final percentage of this gas in the gas space. 
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Case 1. When 100% O, is used and CO, is absorbed by 


NaOH 2 Px» 
oe 
x=vk,. 

Cases 2 and 3. Gas space filled with 5% CO,+95% Ne, 
or 5% CO, +95% O,. Since the total amount of gas in the 
apparatus equals amount of gas in gas phase plus amount of 
gas in solution, the initial amount of gas equals 

e 273 P- Zo , 
i 
"0 T e ® 
and the final amount of gas equals 


ce’ 273 P-p 


Vat) 00 7 Pp, 


Hence by subtraction, 


P- 273 
soll “5 | e+ +0) + ta | 


100 P, 
e P- 73 a 
~T00 — ae [ % T + Vea |. (iii) 


Since v =the increase in the volume of the gas space of the 
manometer at constant pressure due to the evolution of gas, 


/ 


c 
= 799 "+" — 799% 


(iv) 


vt Vo 


© = 100 ccnseteeeenss 
Vgtv 


and 


By substitution of (v) in (iii), 


273 P-p Vea “?( =) 
eet i- . 
Tne Vatu Po 100 
v is small compared with V, and an error of less than 0-2% 


is made if v is neglected in the denominator of the second 
term of (vi) and the equation used in the form 


Fete Se (i =) | 
ec -. - hB 100) |’ 


or =k, : 





xr=v 


(vi) 


(vii) 





r=v 


In most of our experiments in which gas mixtures contain- 
ing 5% CO, were used, k, was 1-02—1-04 depending on V,. 

The constant pressure manometers were compared with 
the standard Warburg manometers. The evolution of CO, 
from NaHCO, solution by adding a known amount of 
standard acid solution and the uptake of O, by a yeast 
suspension agreed in both types of apparatus. 


Saline media 


The media were prepared from the stock solutions used 
for making the physiological saline of Krebs & Henseleit 
(1932): (1) a basal saline isotonic with frog serum (modified 
from Gray, Adkison & Zelle, 1940), prepared by adding to 
2000 ml. of — distilled water 79 ml. NaCl (18%), 
81 ml. KCl (1-15 %), 34-7 ml. CaCl, (0-11m), 12 ml. KH,PO, 

(02m), 15-8 ml. MgSO,.7H,O (382%), 47-3 ml. NaHCO, 
. (1-3%); (2) 0-12mM-NaHCO, solution; (3) 0-080m- wheutiade 
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buffer, pH 7-4. During experiments in 100% O, a phosphate 
saline was used which was prepared by adding 1 vol. of 
solution (3) to 10 vol. of solution (1). CO, was absorbed by 

NaOH in the side well of the flask. For experiments in 
5% CO, and 95% O, a bicarbonate saline was prepared by 
adding 16 vol. of solution (2) to 100 vol. of solution (1). 
This bicarbonate saline was also used in anaerobic experi- 
ments in 5% CO, and 95% N,. Traces of O, in the gas 
mixture were removed by a stick of yellow poeybooms in 
the side well. All nutrient salines contained 0-2% glucose. 


Material 


Frogs (Rana temporaria temporaria L.) and toads (Bufo 
bufo bufo L.) were used. They were captured locally and 
housed in an outdoor froggery under natural conditions. 
An excess of worms and insects was provided for food. 
Similar results were obtained with both species, but toad 
gastric mucosa is less fragile and was preferred. The animal 
was pithed and the stomach isolated and washed with frog 
saline. The muscle layer was removed and the tube of 
mucosa cut open along the lesser curvature (Davies, 1948). 
The open sheet was then tied, with the secretory side up- 
wards, to the open base of the stopper S and the excess of 
tissue cut away. In early experiments the mucosa was 
stretched tightly over the end of the stopper, but was 
found to tear easily under the stress of applied pressure. 
This was prevented by laying the mucosa loosely over the 
end of the stopper before tying; it could then withstand 
pressures much greater than 300 mm. (Fig. 3), but large 


Fig. 3. Effect of tightness of membrane on stress. Let 
h=total pressure on secretory side of mucosa, x=re- 
sultant stress in mucosa, 0=angle of stress vector to 
horizontal. From the triangle of forces h/x=sin 8. When 
6=5°, x=11-5h; when 6=30°, x=2-0h. 


fluctuations occurred in the readings. The continuous slight 
adjustments of the pressure in the manometer caused 
visible contractions of the muscularis mucosae. It was 
found, however, that 10-*m-atropine in the nutrient saline 
stopped these movements, but did not prevent good 
secretory responses to histamine. This concentration of 
atropine was therefore used in all later experiments. 


Methods 


The secretory surface of the mucosa was covered with 
0-2 ml. of 0-12M-NaCl pipetted into stopper S. The stopper 
and part of the graduated side tube G were then filled with 
liquid paraffin. Tap 7' at the end of G was shut and the tap 
stopper V was inserted gently to avoid stretching the 
mucosa. S was then placed into the main compartment of 
vessel B which contained sufficient nutrient saline (4-5 ml.) 
to cover the mucosa. The unit was attached to the mano- 
meter, filled with an appropriate gas mixture. placed in a 
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water bath at 25-0° and shaken in a horizontal plane. An 
identical unit in which the mucosa was replaced by a rubber 
or plastic membrane was used as a thermobarometer. After 
equilibration the pressure inside the manometer was 
adjusted to the desired value, stopper V turned off and 
tap 7’ opened. 

The pressure acting on the mucosa was the difference of 
two components: (a) the pressure of the gas in the mano- 
meter, regulated by means of the mercury in P (Fig. 1); 
(6) the hydrostatic pressure of the column of liquid in 
stopper S less the hydrostatic pressure of the nutrient 
medium in the cup B. When (a) balanced (b) the resultant 
pressure was zero. When (a) was greater than (b), pressure 
was exerted in the direction of normal secretion (from the 
nutrient to the secretory side of the mucosa); the resultant 
pressure (a)-(b) was positive and was prefixed with a 
positive sign. When (a) was less than (b) the resultant 
pressure was opposed to the direction of normal secretion 
and was given a negative sign. All pressures recorded in 
this paper are in mm. Brodie solution (Dixon, 1943). Since 
the gas exchanges of the tissue and the transport of liquid 
across the mucosa altered the pressure in the manometer, 
the mercury in P had to be adjusted continuously in order 
to keep the pressure on the mucosa constant at any desired 
value. This value could be altered at will several times 
during an experiment. The possible range of pressures was 
from —300 to +300. 

The mucosa secreted either spontaneously, or following 
the addition from the side arm of histamine to 5 x 10-5. 
These secretions displaced the liquid paraffin, the movement 
of which along the graduated capillary tube G was measured. 
At the same time measurements of the gaseous exchanges 
were made with pipette P. 

Three types of experiment were performed. (1) The rates 
of respiration (Qo,) and fluid secretion (du,0) Were measured 
in phosphate saline gassed with 100% O,; (2) the rate of 
acid secretion (Qqc) and the gq,9 in bicarbonate saline 
gassed with 5% CO,+95% O,; (3) the rate of anaerobic 
glycolysis ( on) and the 9,9 in bicarbonate saline gassed 
with 5% CO,+95% N,. For each set of measurements one 
mucosa was used. 

After the experiment the mucosa was removed in two 
portions by cutting round the silk ligature with a sharp 
razor, washed in distilled water and dried overnight at 110°. 
The dry weight of the circular portion was used in the 
calculation of the Qgco,, and %1,0+ While the Qo, and Q§ 
were calculated using the sum of the dry weight of the two 
portions. The values of the Quo, Qo, and O03, are in 
pl./mg. dry wt./hr. (HCl being considered as a gas at N.T.P.); 
the dy, is defined as pl. transported fluid/mg. dry wt./hr. 





Calculation of results 


Since the secretion of liquid into stopper S during any 
period resulted in a loss of liquid from the cup B, allowance 
had to be made for this reduction of liquid volume when 
calculating the gas exchanges. Thus, when the change of 
volume in the mercury pipette P was -10yl./15 min., 
while the increase in the volume of liquid in the graduated 
capillary tube G was +2 y1./15 min., the uptake of gas was 
actually —-10+2=-—8yl./15 min. This was multiplied by 
a constant which depended on the gas used, to give the 
volume of gas at N.T.P. (see Theory of the apparatus). 
Specimen protocols are given at the end of the paper. 
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RESULTS 


Water transport and pressure. Application of 
pressures of approximately + 50mm. did not force 
liquid across a membrane of aerobic gastric mucosa 
which was not secreting. Mucosae secreting either 
spontaneously or after stimulation with histamine 
transported liquid from the nutrient to the secretory 
side only. The rate was not influenced by the direc- 
tion or magnitude of the applied pressures within 
the limits of about +50 mm. (Fig. 4). The average 
maximum gy,. calculated for twenty-four secreting 


+20 mm. 
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Fig. 4. Effect of pressure on Qyo, and Qo,. Histamine was 
added to a concentration of 5 x 10-°m at arrows marked 
H. The applied pressures are given in mm. Brodie 
solution. 


mucosae was between 1-0 and 4-0, average 2-3, 
standard deviation 0-9. The average maximum 
Quc in ten secreting mucosae was from 2-8 to 7-0, 
average 4-8, standard deviation 1-3. The average 
maximum Q,, in twelve secreting mucosae was from 
1-9 to 4-8, average 3-2, standard deviation 1-0. The 
pressures in these experiments ranged from — 80 to 
+50mm. The highest opposing pressure so far used 
was — 120mm. and acid was secreted by the mucosa. 
The figure of 18 cu.mm. secretion/mg. dry wt./hr. 
stated by Davies & Terner (1948) has been found to 
be in error because of a leak due to a fault in tap V 
of the stopper S. This fault has now been corrected. 
In some experiments neutral red was added to the 
nutrient saline to a final concentration of 10-*m. It 
was transported from the nutrient to the secretory 
side against opposing pressures (cf. Bradford & 
Davies, 1948). No water transport or HCl secretion 
occurred in mucosae under anaerobic conditions 
when the resultant pressure was zero. When the 
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Table 1. Effect of pressure on transport of fluid across frog gastric mucosa 


(+ Indicates direction of natural secretion, i.e. from nutrient to secretory side; — the direction opposed to natural secretion.) 


Resultant 
é pressure 7H,0 
Experimental (mm. Brodie  (l./mg. 
Mucosa no. Date Gas mixture time solution) dry wt./hr.) Remarks 
1 1. x.47 5% CO, +95% Nz 0.30-1.45 -10 ~0-4 
1.50-3.00 —30 -0-9 | Qs: =146 
3.05-4.00 +20 +0-9 | CO, ~ 
4.05-5.00 +40 +1-35 
2 21. vi. 48 5% CO,+95% Ne 1.58-2.23 -—30 — 5-2 QN: =20 
2.28-3.18 0 0 i 
3 9. vi. 48 100% O, 1.38-3.08 —35 +0-92) Histamine added to 
3.23-4.23 — 65 +046) 5x10-°m at 0 hr. 53 min. 
4 15. viii. 47 5% CO,+95% O, 1.00-1.30 -42 +1-64 
1.40-3.05 -12 +1-0 | Histamine added to 
3.10-4.40 +18 + 1-64 5 x 10-'m at 1-00 hr. 
4.50-5.30 +33 + 1-36 


pressure was increased above, or reduced below, zero 
a neutral fluid was forced across the mucosa in the 
direction of the applied pressure. Typical results are 
given in Table 1. 

Fig. 5 gives the results of two experiments done 
simultaneously on two pieces, A and B, of one 
large mucosa which had been divided along the 
greater and lesser curvatures. The two portions of 
mucosa from the corpus were tied over the end of 
two different stoppers. A was used to measure the 
Y,0 and Qo,. The nutrient solution was phosphate 
saline gassed with 100% O,. CO, was absorbed by 
sodium hydroxide in the side well. B was placed in 
bicarbonate saline gassed with 5 % CO, and 95 % O, 
and measurements made of the gy,. and Qyq- As 
described on p. 378, in a non-secreting mucosa the 
CO, output nearly balances the O, uptake, but in a 
secreting mucosa one molecule of CO, is absorbed to 
form bicarbonate for each molecule of HCl produced. 
The rate of uptake of this CO, can, therefore, be used 
to estimate the rate of secretion of HCl. A com- 
parison of the two pieces of mucosa showed that the 
Qo,» Guc: 2nd dy, increased simultaneously after 
stimulation with 5 x 10-5m-histamine. Both A and 
B secreted against a pressure of —30 maintained 
throughout the experiments. The molarity of the 
HCI in the secretion was calculated from the qy,o 
and Qyq, and was found to be between 0-09 and 
0-10. 

The time lapse between mixing and the response 
to histamine varied from 1 min. to 2 hr. and the 
responses were of varying intensity and duration 
(Davies, 1948). When the secretory phase was over, 
the volume of the secretion did not increase and the 
Yu,0 and Qyc, fell to zero. The Qo, returned to its 
basal value. It was also found that mucosae that 
had stopped secreting were not influenced by 
pressures of the order of + 50 mm. of water. 

A difficulty was encountered during experiments 


with actively acid-secreting mucosae in phosphate 
saline. These often ulcerated because there were in- 
sufficient supplies of CO, to neutralize the alkali 
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Fig. 5. Effect of histamine and thiocyanate on Qyci, Go, 
and ,9- The curves ii, iii and iv result from an experi- 
ment in 100% O, on the anterior portion A, curve i from 
an experiment in 5% CO, and 95% O, on the posterior 
portion B, of the same gastric mucosa. The secretion 
curves of B were similar tothose of A (iii andiv) and are not 
given. Both A and B were secreting against a resultant 
pressure of —30mm. Brodie solution. Histamine was 

‘ added to a concentration of 5 x 10-5m at arrows marked 
H; thiocyanate to a concentration of 10-*M at arrows 


marked 7’. 


formed in the oxyntic cell concomitantly with the 
acid (cf. Davies & Longmuir, 1948). 
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Effect of thiocyanate. Thiocyanate is known to 
inhibit acid secretion in vivo (Davenport, 1940) and 
in vitro (Crane, Davies & Longmuir, 1946). It was 
observed that 10-?m-thiocyanate also reduced the 
volume of the secretions (Fig. 5, iand iii). Secretion 
of acid was usually stopped for 30-45 min. The 
mucosa appeared to lose its relative impermeability 
in either direction. With opposing pressures some 
water and acid passed back through the mucosa into 
the cup, and this resulted in an output of CO, if 
bicarbonate saline was used as the medium (Fig. 5, i). 
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Fig. 6. Effect of histamine and thiocyanate on Qo 2: Sheets 
of frog gastric mucosa were incubated at 25° in phosphate 
saline gassed with 100% O, in Warburg cups with 2 side 
arms. Histamine was added to a concentration of 
5 x 10-5 at arrows marked H, thiocyanate to a concen- 
tration of 10-?M at arrows marked 7’. 


This movement of liquid and CO, output were 
greater for greater opposing pressures. After 30— 
45 min., however, the mucosa recovered and re- 
sumed secretion of water and acid, though at lower 
rates. Neither the basal Q,,, nor the increase in the 
Qo, following histamine stimulation, was affected 
by 10-*m-thiocyanate (Fig. 6), whereas the Qy 
was inhibited by 60-95% of its value during 
secretion. 


DISCUSSION 


Pressure and secretion. Ludwig (1851) inserted a 
cannula into the duct of the submaxillary gland and 
showed that the secretory pressure could exceed the 
arterial blood pressure. The apparatus described in 
this paper makes it possible to study the relation 
between secretion and pressure in isolated sheets of 
tissue as opposed to glands with large ducts. This 
type of experiment is not usually possible in the 
intact mammal because pressures applied to the 
gastric mucosa, for instance, cause collapse of the 
blood capillaries and the tissue stops secreting, 
probably because of the resulting anoxia. 

The experiments described in this paper show that 
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under aerobic conditions secretion by isolated am- 
phibian gastric mucosa can occur against pressure, 
and that the rate of secretion is not increased by 
pressures applied in the direction of the natural 
secretion. This result bears on the statements by 
Davenport & Fisher (1940) that ‘since the osmotic 
pressures of blood and gastric juice are the same the 
mol fraction of water in each is the same. Conse- 
quently, no reversible work is done when water 
passes from the blood to the secretion, and no re- 
versible work is expended. A very small amount of 
irreversible work is done on the water in overcoming 
viscosity when water moves at a finite rate. The 
energy necessary to perform this work is doubtless 
derived from the difference in hydrostatic pressure 
between the blood and the gastric juice’, and by 
Gray (1943) that ‘. . .it is conceivable that the filtra- 
tion pressure of the blood does supply the energy 
required to move water against the mechanical 
resistance offered by the tissues and cell membranes’. 
Since secretion can occur, not only in the absence of 
blood pressure but even against resultant pressures, 
it is now certain that blood pressure is not necessary 
to move water through the tissues during acid secre- 
tion by gastric mucosa. 

Under anaerobic conditions applied pressures 
caused a seepage of water through the mucosa in the 
direction of the pressures. This did not occur in the 
presence of O,, and shows that aerobic metabolism 
maintains the membrane in a water-tight condition. 

The effects of thiocyanate. The thiocyanate ion is 
known to inhibit gastric secretion (Davenport, 
1940), and, although it can inhibit carbonic an- 
hydrase, the reduction of the Q,,,, must depend on 
other processes (Feldberg, Keilin & Mann, 1940). 
Since 10-?m-thiocyanate caused 60-95 % inhibition 
of the Qyc,, but did not inhibit the increase in the 
Qo, following histamine, nor prevent this increase 
when added before histamine, it seems possible that 
thiocyanate inhibits H+ ion production by inter- 
fering with the metabolic chain at some point past 
that at which histamine acts. 

The immediate effect of the thiocyanate was to 
allow the mucosa to let through water in response to 
applied pressures in a similar way to that under 
anaerobic conditions. If there was a pressure 
opposing secretion then some of the hydrochloric 
acid which had been secreted earlier could seep back 
through the mucosa. This early phase after the addi- 
tion of 10-?m-thiocyanate ended in 30—45 min., after 
which secretion continued at lower but steady rates. 

It has not so far been possible to separate experi- 
mentally the secretion of acid and water by oxyntic 
cells, and the evidence at present available supports 
the view that there is a very close connexion between 
the mechanisms by which the acid and the water of 
the histamine-stimulated gastric juice are secreted 
by oxyntic cells. 
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SPECIMEN PROTOCOLS 
(See calculation of results, p. 380) 
(1) Respiration and fluid secretion 


19 April 1948. Nutrient medium: phosphate saline containing 0-2 % glucose and 0-001 M-atropine. Gas: 100% O,, CO, 
absorbed by NaOH. Histamine added from side arm at 90 min. (concentration in medium after mixing 5 x 10-*m). 
Temperature of bath 25-0°. Barometric pressure 751 mm. Hg. Resultant pressure applied to mucosa —15 mm. Brodie 
solution. Dry weight of mucosa 18-5 mg.; dry weight of secreting portion 11-7 mg. 


Change of gas volume 


Change of Change of At experimental 
manometer side tube temp. and Os 7,0 
Time readings readings pressure At N.T.P. (ul./mg. (ul./mg. 
(min.) (ul.) (pl.) (ul.) (ul.) dry wt./hr.) dry wt./hr.) 
0 (in bath) 
30-60 —14 +2 -12 -10 -1-1 +03 
90 ~15 +2 -13 -11 —1-2 +0-3 
90 (histamine added) 
120 - 20 +4 -—16 -14 1-5 +0-7 
150 — 26 +7 -19 -17 -18 +1-2 
180 — 25 +8 -17 -15 -1-6 +1-4 


(2) Hydrochloric acid and fluid secretion 


25 June 1948. Nutrient medium: bicarbonate saline containing 0-2 % glucose and 0-001 M-atropine. Gas: 5% CO, + 95% 
O,. Histamine added from side arm at 45 min. (concentration in medium after mixing 5 x 10-'m). Temperature of bath 
25-0°. Barometric pressure 760 mm. Hg. Resultant pressure applied to mucosa —35 mm. Brodie solution. Dry weight of 
mucosa 7-9 mg.; dry weight of secreting portion 5-6 mg. ko, = 1-04. 


Change of gas volume 
Change of due to HC] secretion 
gas volume at ————*————___, 


Change of Change of experimental At experi- 
manometer __ side tube temp. and mental temp. Qua 7H20 
Time readings readings pressure and pressure At N.T.P. (pl./mg. (ul./mg. 
(min.) (pl.) (pl.) (pl.) (ul.) (pl.) dry wt./hr.) dry wt./hr.) 
0 (in bath) 
30-45 - 15 +05 -1* 0 0 0 +0-4 
45 (histamine added) 
60 - 9 +3 -6 -5 — 5-2 +3-7 +2-2 
75 - 8 +3 -5 —+ —4-2 +3-0 +2-2 
90 -10 +4 -6 -5 — 5-2 +3-7 +2-9 
105 - 8 +3 -5 —4 -4-2 +3-0 2-2 
120 - 7 +2 -5 ~4+ -4-2 +3-0 +1-4 


* The small uptake of gas before ad 
is subtracted from the volume changes 


dition of histamine is the resultant of the respiratory exchanges of the mucosa, and 
occurring during each period after the addition of histamine, to give the changes of 


gas volume due to HCl secretion (see Theory of apparatus, Case 3.) 


(3) Anaerobic glycolysis and fluid transport 


21 June 1948. Nutrient medium: bicarbonate saline containing 0-2 % glucose. Gas: 5% CO, +95% N,. Temperature of 


bath 25-0°. Barometric pressure 759 
weight of mucosa 6-5 mg., dry weight 


mm. Hg. Resultant pressure applied to mucosa +10 mm. Brodie solution. Dry 
of secreting portion 3-8 mg. kco, = 1-04. 


Change of gas volume 


Change of Change of At experimental 2 

manometer side tube temp. and ‘CO, 7H,0 
Time readings readings pressure At N.T.P. (ul./mg. (ul./mg. 
(min.) (ul.) (pl.) (pl.) (ul.) dry wt./hr.) dry wt./hr.) 

0 (in bath) 
60-75 +3 +0°5 +3-5 +3-6 +2-2 +0-5 
90 +5 +0°5 +5-5 +5-7 +3-5 +0-5 
105 +4 +0-5 +45 +4:7 +29 +0°5 
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SUMMARY 


1. An apparatus is described which has been used 
to study simultaneously the rates of fluid secretion 
and of respiration by isolated gastric mucosa. It 
consists of a constant pressure manometer, a modi- 
fied Warburg cup and a stopper with a graduated 
capillary side tube (Figs. 1 and 2). External 
pressure can be applied to the mucosa and be kept 
constant or varied at will. 

2. Secretion occurred against opposing pressures 
of at least —120 mm. Brodie solution, and was, 
within the limits of +50 mm. Brodie solution, in- 
pendent of the magnitude and direction of the 
applied pressures. Neutral red was transported 


across the mucosa against such pressures. 

3. On stimulation with 5 x 10-5m-histamine the 
rates of secretion and of respiration increased con- 
comitantly. 

4. In anaerobic experiments neutral fluid was 


1949 


forced across the mucosa in the direction of the 
applied pressure. This did not occur with non- 
secreting mucosae under aerobic conditions. 

5. Thiocyanate (10-?m) did not affect the basal ~ 
Qo, or the increase of the Qo, which followed stimu- 
lation by 5x 10-5m-histamine, but strongly in- 
hibited the rate of hydrochloric acid secretion. 
Thiocyanate often caused passage of water across 
the mucosa in the direction of the external pressure 
for up to 1 hr. before secretion of acid and liquid was 
resumed at lower but steady rates. 

6. These results show that the energy for the 
movement of water across acid-secreting gastric 
mucosa is derived not from the difference in hydro- 
static pressure between the blood and the gastric . 
juice, but from the aerobic metabolism of the oxyntic 
cells. 


The authors wish to thank Prof. H. A. Krebs, F.R.S., for 
help and criticism. 
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